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Abstrakt:

Tato práce popisuje přípravu a charakterizaci série hexagonálních ferritů o složení
BaSrCoZnXFe11O22, kde X=Fe, Al, Ga, In and Sc. Vzorky byly připraveny v
práškové a keramické formě pomocí citrátové syntézy a ve formě tenkých vrstev
pomocí metody CSD.

S použitím práškové neutronové difrakce jsme zistili, že vzorek BaSrCoZnFe12O22
má kolineární magnetickou strukturu patřící ke grupě C2/m nebo C2’/m’. Magne-
tická struktura vzorků obsahujících In a Sc je podobná, ale magnetické momen-
ty atomů v poloze 18hVI nejsou orientovány rovnoběžně s ostatními momenty.
Magnetická struktura vzorku substituovaného galiem je odlišná, je modulována s
propagačním vektorem ~k ≈ (0, 0, 3/4). Propagační vektor vzorku substituovaného
hliníkem je ~k ≈ (0, 0, 3/2).

Substituující prvky mají silné preference k určitým kationtovým polohám. Al a
Ga preferují polohu 3bVI, Zn preferuje tetraedrickou polohu 6cIV a In a Sc preferují
polohu 6cVI. Magnetizační křivka vzorku obsahujícího hliník je stejná jako bylo
popsáno v literatuře, s přechodem kolem 0.5 T. Magnetizační křivka vzorku s
galiem rovněž vykazuje znaky magnetického přechodu při pokojové teplotě.

Tenké vrstvy o stejném složení jsou orientovány c-osou kolmo k povrchu vzorku.
Pološířka ω křivky je ve všech vzorcích menší než 0.5 ◦. Vzorky jsou orientová-
ny in-plane a vytvářejí dvojčatění, které již bylo popsáno na tenkých vrstvách
připravených touto metodou.

Klíčová slova: hexagonální ferrity, multiferoické materiály, tenké vrstvy, rtg. difrak-
ce, Mössbauerova spektroskopie, magnetická měření
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Abstract:

In this work we describe a preparation and characterization of a hexagonal ferrite
series with composition BaSrCoZnXFe11O22 where X=Fe, Al, Ga, In and Sc.
We have prepared these ferrites in the powder and ceramic form using the citrate
synthesis and in the thin film form using the chemical solution deposition method.

Using the powder neutron diffraction we have found that the sample containing
only Fe has collinear magnetic structure that belongs to the C2/m or C2’/m’
group. Magnetic structure of the samples substituted with In and Sc is similar,
but the magnetic moments of the 18hVI site atoms are not aligned parallely with
the other moments. Magnetic structure of Ga-substituted sample is different, it
is modulated with a propagation vector ~k ≈ (0, 0, 3/4). Propagation vector of the
Al-substituted ferrite is ~k ≈ (0, 0, 3/2).

Substituting elements show strong preferences for the cation sites. Al and Ga
prefer the 3bVI site, Zn prefers the tetrahedral 6cIV and In and Sc prefer the
6cVI site. Room temperature magnetization curve of the Al- containing sample
is similar to those described in the literature and shows a magnetic transition at
approx. 0.5 T. Magnetization curve of the Ga-containing sample also shows signs
of a magnetic transition.

The thin films of the same composition have a good out-of-plane orientation with
FWHM of the rocking curve less than 0.5 ◦. Most of the samples also show the
in-plane orientation with the obverse/reverse twinning.

Key words: hexagonal ferrites, multiferroics, thin films, Mössbauer spectroscopy,
X-ray diffraction, magnetic measurements
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1. Introduction
In 2011, Wang [46] reported giant magnetoelectric sensitivity up to 250 K in

an Y-type ferrite with hexagonal structure and composition BaSrCoZnAlFe11O22.
This was an important discovery, because most of the known materials showed
magnetoelectric behavior at much lower temperatures. Later studies showed that
this ferrite has a spiral magnetic structure that can be modulated by low mag-
netic fields. The spiral magnetic order was then hypothesized to be caused by
aluminium, which finely tunes the magnetic anisotropy by decreasing a polyhed-
ra distortion in one of the cation sites, or by preferential substitution of aluminium
into this site [48].

In this work, we will describe a preparation of the ferrite series with the com-
position BaSrCoZnXFe11O22, where X=Fe, Al, Ga, In and Sc. For many industrial
applications, it is sometimes necessary to have the desired material in the form of
thin film. Our goal was to prepare thin films of this composition using chemical
solution deposition method and to compare the properties of the films prepared
directly on the substrate and with an M ferrite as a seeding layer.

Since it can be sometimes very complicated to prepare and study a material as
a thin film, we prepared the ferrite series also in the ceramic and powder form. Our
aim was to study magnetic structures of the samples and their magnetic behavior,
which could indicate presence of magnetoelectric phases. We also wanted to find
possible differences in their crystal structures, namely cation distributions and
polyhedra distortions in different cation sites that could lead to their different
magnetic orders. Finally, our goal was to study the magnetoelectric behavior of
the prepared samples at the room temperature.
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2. Hexagonal ferrites
Hexagonal ferrites are magnetic oxides that contain trivalent iron as a main

metal. They have interesting electromagnetic properties with many possible ap-
plications and interest in them hasn’t waned since their discovery in 1950s. They
have become important materials for industry and technology and BaM hexa-
ferrite accounts for 50 % of the total magnetic materials manufactured globally
at over 300 000 tonnes per year [1].

The first hexagonal ferrite discovered was M-type PbFe12O19, named after
mineral magnetoplumbite. Later, a compound BaM, BaFe12O19 was prepared,
also showing the hexagonal structure. After that, Braun and Wijn studied a
BaO-Fe2O3 system and also discovered compounds containing both divalent and
trivalent iron ions such as BaFe18O27. After addition of MeO to the system,
another compounds with higher stoichiometry were discovered. The temperatures
required for the formation of the higher hexagonal ferrites reached up to 1400 ◦C
[1].

In the Fig. 2.1 we can see a composition diagram of the ternary system, with
Me representing divalent ion [2]. So far, 6 basic types of hexagonal ferrites were
described. They have been named M, Y, W, Z, X and U and have closely related,
complex crystal structures, but their stoichiometry is different. In the further
text, we will deal mostly with the M- and Y-type ferrites.

Figure 2.1: Composition diagram of the ternary system BaO-MeO-Fe2O3 with
the important members marked (reproduced from [2]).

2.1 Solid state chemistry of the hexagonal ferri-
tes

Looking at the ferrite formulas (Tab. 2.1), we can see that there is a large
amount of the compounds that can form the ferrite structure. Barium atoms can
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Table 2.1: Stoichiometry and basic properties of 6 types of hexagonal ferrites.
Ba can be substituted by Sr, Mg, Pb; Me = Cu, Co, Zn, etc. * represents 180◦
rotation of a block around c-axis

Group Formula B/S structure S/R/T structure
M BaFe12O19 2 × B1S4 SRS*R*
Y Ba2Me2Fe12O22 3 × B2S4 3(ST)
W BaMe2Fe16O27 2 × B1S6 SSRS*S*R*
Z Ba3Me2Fe14O41 2 × B1S4B2S4 STSRS*T*S*R*
X Ba2Me2Fe28O46 3 × B1S4B1S6 3(SRS*S*R*)
U Ba4Me2Fe36O60 B1S4B2S4B1S4 SRS*R*S*T

be substituted by strontium atoms, and the place of Me and Fe can be taken
by many of the transition metals such as Co, Zn, Ni, Cu, Cd, Mn, Mg, Pb or
even diamagnetic atoms such as Al or Sc. All of these ferrites will have different
melting points and different stability, therefore the annealing temperature needed
for their formation will be different. Different preparation methods, in addition,
produce precursors with very different grain size and atomic distribution.

This all leads to differences between the reaction temperatures reported by
different authors, ranging sometimes in few hundred degrees. Anyway, we can
definitely find some general trends that show that the type with the simplest
structure, M type, requires the lowest temperatures, and that Y ferrite requires
lower temperatures than Z ferrite to be formed.

These relations can be seen in the phase diagram in the Fig. 2.2, where relative
contents of different hexagonal ferrite types depending on the heating temperature
are shown. The temperatures are valid only for the standard ceramic route of
synthesis, since using this method, the grains of the precursors are relatively big
and the temperatures needed for full reaction to take place are higher.

In the case of the Y type ferrite, there is a wide window of compositions over
which the Y type structure is formed, but in that case it coexists with BaFe2O4,
spinel MeFe2O4 and W and Z type ferrite. As a pure phase it is formed also only
at compositions very close to the stoichiometric one (Fig. 2.1).

2.1.1 Methods of preparation of oxidic materials

In many papers concerning Y type hexagonal ferrites, the samples were pre-
pared either by the conventional solid state reaction [17], [58], [59], or by the
crystallization from the flux (molten salts method [28], [29]), [38].

There are certain problems with these methods, however. The solid state
reaction uses repeated milling and annealing of the precursor oxides at high tem-
peratures. Although simple and accessible, it produces rather inhomogeneous
samples with large grain sizes and the temperatures required for the full reaction
are usually higher, what is inconvenient for later industrial fabrication [6].

Another methods usually used are co-precipitation, wet milling and citrate
synthesis.

6



Figure 2.2: Formation and stability temperature ranges for the hexagonal ferrites
and their precursor compounds, using standard ceramic methods. Reproduced
from [3]. F = α-Fe2O3 and S = spinel.

Citrate synthesis

This method was invented by Pechini in 1967. One of its main advantages is
that it is versatile, cheap and simple at the same time. The equipment needed
is only a beaker, stirrer, hot plate and a furnace, it does not require any special
conditions and usually is not sensitive to water presence. It is especially suitable
for preparations of materials containing many elements and with complicated
stoichiometry. Even without a careful control of the synthesis conditions and the
gel quality, it produces samples with very high homogeneity.

Metal precursors can be introduced in the form of nitrates, acetates, chlorides,
carbonates, isopropoxides etc. In the first step, the metal precursors are dissolved
in the ethylene glycol solution 1. Then the citric acid is added. At temperatures
between 100-300 ◦C, the esterification takes place between citric acid and poly-
ethylene glycol. The viscosity of the product then starts to increase due to the
polymerization reaction and later crosslinking of the chains to give a product in
a gel-like form.

Figure 2.3: Structures of citric acid and ethylene glycol

HOOC

COOH

OH

COOH HO
OH

1In this work, we used barium, strontium and zinc carbonates that were dissolved in the
excess of nitric acid aqueous solution instead of ethylene glycol.

7



The dramatic increase of viscosity in the second stage of polymerization due
to the cross linking is highly dependent on the cation type. This indicates a
formation of citric acid-metal complexes [12]. Looking at the citric acid structure
in Fig. 2.3 we see that metal cations can bind to citric acid by three carboxylate
groups (pKa1 = 3.13; pKa2 = 4.76; pKa3 = 6.40), but also by its alcoholic proton,
for which 13C NMR studies determined a pKa4 ∼ 14 [13].

In the Fe2+ iron:citrate complexes in the aqueous solutions the citrate binds
to iron by all three carboxylate groups to form either complexes with one or with
two citrates per one iron atom. If the citrate binds to the strong Lewis acid, such
as Fe3+ or Al3+, the hydroxyl group can be also deprotonated and coordinate to
the iron cation [14].

Zn2+ cations also form different complexes, where the metal:citrate ratio can
be 1:1, 1:2 or 1:3 and the geometry of the complex can be square planar, tetra-
hedral or octahedral. Mass spectrometry studies showed that in the aqueous so-
lution [Zn(Cit)]−, [Zn(Cit)(H2O)2]− and [Zn(HCit)(H2Cit)]− are present [15]. At
higher temperatures during the polymerization, however, complexes with more
complicated structures are formed.

The citrate complexes are mostly responsible for the homogeneity of the pre-
pared sample. In the first stage of reaction the solution of the metal complexes is
homogeneous at the molecular level. Later, because the relatively rigid network
traps the cations and prevents their separation, homogeneity is maintained.

After evaporation of all solvent, we obtain a highly porous polymer gel. The
organic molecules that form the gel structure can be oxidized at temperatures
between 450 and 600 ◦C . The precursor powder that is formed contains only
homogeneous mixture of metal oxides, carbonates and sometimes single phase
precursors. After the annealing of this powder we finally obtain the required
material and the annealing temperatures needed for its crystallization will be
usually lower (sometimes even in order of hundred of degrees) when compared to
the solid state reaction due to the high level of homogeneity in the precursor [12].

Preparation of the Ba2Co2Fe12O22 ferrite

For simplicity, this ferrite will be later denoted as Co2Y. Castelliz [4] prepa-
red Co2Y by coprecipitation from a stoichiometric aqueous solution. After heat
treatment at 950 ◦C, Y phase was formed together with α−Fe2O3, BaM ferrite
and spinel phase and Y phase was the only phase at 1000 ◦C. Above 1300 ◦C, Y
ferrite rapidly decomposed to form W type ferrite with small amount of spinel.

After coprecipitation in air from iron chloride, barium and cobalt acetate in
3:1 mixture of ethanol and water, BaCO3 appears as the first intermediate at
400 ◦C. At 650 ◦C, hematite and BaFe2O4 are formed and after decomposition
of the carbonate at 680 ◦C, CoFe2O4 appears. Co2Y appears together with BaM
already at 700 ◦C. Pure Y phase was formed after annealing at 1100 ◦C for 3
hours [5].

Pramanik [6] obtained single–phased Co2Y of particle size less than 400 nm
by the citrate synthesis at 1000 ◦C. Other authors also reported formation of the
pure Y phase at 1000 ◦C by different sol–gel processes.

All the authors report presence of BaM ferrite at lower temperatures and
assume that the formation of Y ferrite occurs via M ferrite intermediate [1].
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Preparation of the Ba2Zn2Fe12O22 ferrite

Zn2Y was prepared by coprecipitation after annealing at 1200 ◦C by Kim et al.
[7]. After decomposition of the prepared ferrite at 1250 ◦C they observed mixture
of hematite, BaO and ZnFe2O4.

Other authors, however, obtained single phase Zn2Y ferrite after citrate com-
bustion synthesis at much lower temperature, 950 ◦C, with trace impurities of
maghemite and BaM that can be removed by the additional heat treatment at
650 ◦C prior to annealing [1].

Mixed Ba2Zn2−xCoxFe12O22 ferrites were prepared by citrate synthesis by Hai-
jun [8] at 1100 ◦C for 5 hours and by Mahmood et al. at 1000 ◦C [9]. Yang Bai et
al. prepared mixed Ba2Zn1.2−xCoxCu0.8Fe12O22 by the citrate synthesis already at
900 ◦C, because of the lower melting point of the copper containing compounds
[10].

Concerning substitution of barium with different atoms, the only fully sub-
stituted compound so far reported is Sr2Zn2Fe12O22 ferrite. The substitution was
successful also with Co2Y and Ni2Y ferrites, but only up to 80% of strontium [1].

2.2 Structure of hexagonal ferrites
The 6 basic types of hexagonal ferrites are listed in Tab. 2.1. There are two

approaches to description of the ferrite crystal structure, spinel and hexagonal
plates based and block based.

2.2.1 Spinel and hexagonal plates based model
All the ferrite structures can be derived from the spinel structure, since they all

are formed by layers of cubic close packed oxygens repeating every three vertical
layers to form ABCABC lattice. Interstices between these layers are alternatively
filled; either three octahedral or one octahedral and two tetrahedral sites are
occupied by small metal cations per four oxygen atoms.

In the hexagonal ferrite structures, there are two kinds of spinel blocks, S4
and S6. They are formed by four or six layers of oxygen, with only the octahedral
interstices occupied at both ends. For illustration, we can write the sequences of
the layers as:

S4 consists of A–3O–B–O2T–C–3O–A,
S6 consists of A–3O–B–O2T–C–3O–A–O2T–B–3O–C,

where A, B and C are oxygen layers, 3O means that three octahedral sites are
filled by the metal cations and O2T represents filling of one octahedral and two
tetrahedral site.

M, Y, Z and U ferrite consist only of the S4 plates that are joined together
by two possible barium containing layers B. Both B layers have hexagonal close-
packed structure, so they repeat every two layers forming a vertical ABAB lattice.

The B1 layer is a single layer where each four oxygens are substituted by one
barium atom, forming sets of oxygen triangles (Fig. 2.4). The metal atoms are
placed between the three oxygens of one triangle and above and below the plane
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in the neighbour triangles, as can be seen in the Fig. 2.4. These B1 layers are
present in the M, W, and Z ferrites.

Figure 2.4: Cross section of the B1 layer. Oxygen atoms are light (non-bold),
barium bold, small metalic cations are in the oxygen plane (dark ones) and out
of oxygen plane (light ones). Reproduced from [1].

The B2 layer is made of two hexagonal packed oxygen layers substituted with
barium, forming oxygen triangles similarly as in the B1 layer. Each barium atom
from one layer is in contact with the three oxygens from the neighboring layer.
Octahedral sites between the oxygen layers are occupied by the small metal ions.

These B2 plates occur for example in the Y ferrite, as can be seen in Fig.
2.5. All the block sequences are schematically written in the Tab. 2.1 in the B/S
structure column. We can notice increasing complexity of the structures with the
increasing chemical complexity, and we can also see that the same blocks appear
in the different ferrite types, what gives us the possibility of the preparation of
one ferrite on top of another [1].

Although this way of describing the hexagonal ferrites structures is relatively
comprehensible, description using the S/R/T blocks model is more used in the
literature.

2.2.2 The S, R and T block model
The S block can be thought of as a double spinel layer. The oxygen close

packing is cubic, for four oxygen atoms there are three metal ions, therefore for
one spinel block, Me2Fe4O8 we have six metal sites, four of them octahedral and
two tetrahedral. In the center of the Fig. 2.7, which represents a close view of
the S and T blocks in the Y type ferrite, we can see these sites marked as 3bVI
and 6cIV sites. VI and IV denotes octahedral or tetrahedral coordination, b and
c denote the Wyckoff symbols and 3 and 6 denote the site multiplicity.

The R block is formed by three hexagonal layers and one of the oxygen atoms
in the middle layer is substituted with barium, which gives one barium atom for
eleven oxygens and chemical formula of the block BaFe6O11. The substitution of
the oxygen with the larger barium atom disturbs the local symmetry of the cation
sites, therefore instead of 6 octahedral positions there are 5 octahedral and one
pentacoordinated trigonal bipyramidal site. This block can be found in the M
type ferrite.

The T block consists of four oxygen layers. Oxygen atoms are substituted
with barium in the two inner layers, as can be seen in the Fig. 2.5. There is again
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Figure 2.5: Unit cell of the Y type ferrite BaSrCoZnFe12O22 with the spinel layers
and S/T blocks labeled [2],[21]

S4 layer B2 layer S4 layer B2 layer

S block S block S blockT block T block

S4 layer

Figure 2.6: Schematic representation of the close packing structure of the oxygen
layers. Yellow = S block layers, grey = T block layers without barium, green =
barium containing T block layers.

T blockT block

A
C BA A A A A

C C C C CB B B B B

S blockS blockS block

one barium for three oxygens, giving the Ba2Fe8O14 formula. Since large barium
atoms are close to each other in the neighboring layers, they are pushed away
in the opposite directions pushing the metal ion from the trigonal bipyramidal
cation site to a tetrahedral one (6cIV* in the Fig. 2.7).

The relationship between spinel and hexagonal layers and S and T blocks can
be demonstrated using the Fig. 2.5, which shows the unit cell of the Y type ferrite.

2.2.3 Y type ferrite structure
Y type ferrite is the only hexagonal ferrite that contains no R block, there-

fore there is no pentacoordinated site. The hexagonal unit cell consists of three
alternating S and T blocks, as shown in Fig. 2.5, hence containing 18 oxygen la-
yers. There are always four CCP oxygen layers followed by two barium containing
hexagonal close-packed layers, forming close packing sequence shown in Fig. 2.6
(compare with Fig. 2.5) [2].

The Ba2Co2Fe12O22 ferrite has space group R3̄m (166) and unit cell length
c =43.56 Å. In its structure, the distance between the oxygen layers is 2.32 Å
and between the barium containing layers it is 2.40 Å. The distance between
the barium atoms, however, is slightly longer, which means that the two barium
atoms are 0.25 Å away from their nearest oxygen layers [2].
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Figure 2.7: Close view of the Y type ferrite structure with 6 nonequivalent metal
positions labeled [21], [16].

6cIV

6cIV*

6cVI

3bVI

6cIV*
18hVI

18hVI

3aVI

In Tab. 2.2 we can see lattice parameters of selected M and Y ferrites. We can
see that the hexagonal ferrites have very long and narrow unit cell that has very
high ratio c/a. The parameter a is almost constant for the most of the hexagonal
ferrites and the parameter c depends on the ferrite type.

Table 2.2: Lattice parameters of selected ferrites. Ba2Co2Y represents
Ba2Co2Fe12O22 Y ferrite etc. Values marked with a star are obtained by the
linear extrapolation of series of substituted compounds.

Ferrite parameter a (Å) parameter c (Å)
BaM 5.89 23.17 [19]
SrM 5.86 23.03 [20]

Ba2Co2Y 5.86, 5.86 43.50, 43.51 [21], [29]
Sr2Co2Y 5.84* 43.30* [23]
Ba2Zn2Y 5.88 43.57 [21], [22]
Sr2Zn2Y 5.86* 43.39* [24]
Sr2Ni2Y 5.88 43.52 [25]
Ba2Mg2Y 5.87 43.49 [26]

Magnetic structure

For the understanding and tailoring the magnetic and other physical proper-
ties, it is crucial that we understand the crystal structure of the material, the ion
distributions and the interactions between the cations in different sites.

In the magnetic metal oxides, unlike in the metals, the magnetic moments of
the cations in different cation sites are oriented anti-parallelly instead of parallelly.
It is due to the negative exchange interaction that occurs between two transition
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metals with five or more d-electrons via oxygen atoms, leading to two or more
sublattices that may but do not always coincide with the crystallographic lattice.

The strength of the superexchange interactions is influenced by two factors:
interaction angle and bond length. Qualitatively, the interaction is strongest if
the bond angle Me1-O-Me2 is close to 180 ◦ and weakest if it is close to 90 ◦.
Due to the wave functions overlap, the interaction is stronger if the Me1-O-Me2
distance is shorter [16]. That way we are able to predict the orientation of the
magnetic moments from crystallographic and magnetic data.

In many structures, however, exchange interaction between two metal cations
occurs via multiple paths, increasing its strength. Different configurations may
also occur between Me1 and Me2 and Me1 and Me2’, even if the Me2 and Me2’
atoms belong to the same sublattice [16]. For these reasons, magnetic data do
not always suffice and it is necessary to solve the magnetic structure using the
neutron diffraction.

Using the qualitative approach and magnetic data, Gorter [16] predicted the
orientation of the magnetic moments in the Y type ferrite sublattices and the
relative strength of the superexchange interactions. The results are given in Tab.
2.3, the sites are marked in the Fig. 2.7.

There are 14 metal cations in the chemical formula of the Y ferrite and since
a unit cell contains three formula units, there are 42 cations in 6 nonequivalent
crystallographic sites in the unit cell. Of them, there are two tetrahedral sites
with the multiplicity 6, one in the S and another in the T block. There are then
two octahedral sites in the T block and one in the S block, and the octahedral h
site with the highest multiplicity, which is common for both the T and S block.

The strongest superexchange interaction in the Ba2Co2Fe12O22 ferrite occurs
between 6cIV* and 3aVI inside the T block. The coupling 6cIV*–3aVI–6cIV* the-
refore will be very strong and these two positions will have opposite magnetic
moment directions. There is also relatively strong interaction between the 18hVI
and 6cIV* and Gorter predicted that it is stronger than interaction 6cVI–6cIV*,
which would mean that the magnetic moment orientation would be antiparal-
lel for 18hVI and 6cIV*. Since these were only qualitative predictions, he used
magnetization measurements to determine the orientation of 6cIV*–3aVI–6cIV*
compared to the 18hVI. That way he found out that the former occurs, and that
the h–c* coupling is antiparallel.

He then predicted that the bond 6cIV*–18hVI is short with larger angle, im-
plying antiparallel coupling between them and that the interaction 6cIV–18hVI
is stronger than interaction 3bVI–18hVI, again because of the larger bond angle.
Since all these predictions were confirmed by magnetization data, we now know
the orientation of the magnetic moments in the different crystallographic sites. It
is shown in the Tab. 2.3.

It is important to add that due to mistakes in transcribing and different
notation there are many papers where the interaction 6cIV* – 3bVI or 6cIV –
3bVI is considered to be the strongest. It is possible to solve the problem by
adding that the strongest magnetic interaction occurs inside the T block.

Positions of Me in the structure

In the crystal structure as described above, there is no difference between
metal cations. There are two Me2+ and twelve Fe3+ cations that are evenly distri-
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Table 2.3: Crystallographic and magnetic characteristics of the cation sites in the
Y type ferrite [16], [28].

Position Site no. Coordination Block Magnetic moment
direction

6cIV* 1 Tetrahedral T ↑
6cIV 2 Tetrahedral S ↑
6cVI 3 Octahedral T ↑
3bVI 4 Octahedral S ↓
18hVI 5 Octahedral S-T ↓
3aVI 6 Octahedral T ↓

buted over the 6 cation sites. In the real structures, this is not always true. Some
of the cations may have some preferences for certain sites, e.g. in order to obtain
equal charge distribution, or because of slightly different crystal fields.

The cation distributions in different ferrites were extensively studied with
very inconsistent results. The methods used are mostly Rietveld analysis on bo-
th neutron and X-ray powder diffraction data, single crystal X-ray diffraction,
Mössbauer spectroscopy, solid state NMR and magnetization studies. The results
of these works are shown in Tab 2.4 and 2.5. They usually start with the assumpti-
on that the cobalt ions prefer the octahedral sites and that the zinc ions have
exclusive preference for the tetrahedral sites. However, there are some later re-
sults showing that there is a significant amount of cobalt atoms in the tetrahedral
sites of the S block.

Table 2.4: Probability p of presence of cobalt in different cation sites in the
Ba2Co2Fe12O22 ferrite. The sum of the probabilities multiplied by the site mul-
tiplicity gives the real stoichiometric coefficient of Co obtained from elemental
analysis.

Position 6cIV* 6cIV 6cVI 3bVI 18hVI 3aVI
p(Co) Neutron diffraction [29] − 0.27 − 0.09 0.20 0.17

Table 2.5: Probability p of the zinc presence in the Ba2−xSrxZn2Fe12O22 ferrite in
tetrahedral sites given by different authors.

x = 0 x = 1.5 x = 1.6
p(Zn) in [19] [30] [36] [9] [32] [9] [36] [31] [33] [34]

6cIV* (T block) 0.5 0.25 0.38 0.21 0.35 0 0.5 0.16 0 0.64
6cIV (S block) 0.5 0.69 0.62 0.79 0.65 1 0.5 0.72 1 0.36

Concerning zinc ferrite, first results showed that in the ferrites with different
substitution the zinc atoms are distributed evenly over the tetrahedral sites [19],
[36]. The authors in the work [33] did not find any zinc atoms in the T block, the
authors in the work [34] reported preference of the zinc for the T block sites. Most
results, however, showed some preferences of zinc atoms for the S block, especially
when there is strontium present. Many authors assume that the presence of the
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smaller Sr cations in the Ba sites induces a tensile strain in the structure and
hence influences the cation distribution [30], [70].

Rietveld refinement of the powder X-ray diffraction data of various substituted
Y ferrites was also done by Wong-Ng at the NIST institute [35]. However, they
did not refine the occupation factors and for the refinements with different Ba/Sr
ratio they only used fixed values obtained in [29] from the neutron diffraction
(Tab.2.4).

All the differences between different works may be caused by different experi-
mental techniques, different models and fitting procedures and by the differences
in the sample preparations, namely annealing and cooling time [9]. Since Y type
ferrites are formed at high temperatures, there are two possibilities in the anne-
aling procedure: controlled or instant cooling. If the sample is taken out of the
oven immediately after the annealing, there is no time for the structure to achieve
the minimum energy state and the cations “freeze” in the statistical distribution.
This can be overcome by large annealing time that, however, causes formation of
larger grains, stronger interaction with the crucible material and could sometimes
cause decomposition of the Y ferrite.

Magnetic characteristics

The type of Me atoms and their positions in the ferrite structure are crucial
for its physical properties. If there is, for example, preferential substitution of
a diamagnetic atom into one of the sublattices, it can increase or decrease the
saturation magnetization of the material, influence the Curie temperature [69] or
it can even cause a collapse of the interactions inside this sublattice. It can affect
magnetic anisotropy that is related to the remanent magnetization, coercive field
and to the cut-off frequency, and it can change the magnetic order of the ferrite
[70].

In the Me2Y ferrites, there are 18 sites with the magnetic moment direction
“up” and 24 sites with the moment “down”. If the zinc ions occupy exclusively
tetrahedral sites with the “up” moment, the net moment of the crystal increases
from 6 ↓ to 8 ↓. The saturation magnetization therefore increases.

Gorter [16] predicted the saturation magnetization value of the Zn2Y to be
20µB if the zinc atoms are present only in the tetrahedral sites, but the measured
value is only 17.6µB. He explained this fact by the break down of the tetrahedral
magnetic sublattices, similar to the break down observed in ZnNiFe4O8 spinels
[16].

Lee and Kwon [27], however, observed linear increase of the magnetization
with the increasing zinc content in the Ba2Co2−xZnxFe12O22 ferrite at 0 K. They
did not observe any breakdown neither at 0 K nor at the room temperature.
At the room temperature, the increase of the saturation magnetization was not
linear with maximum at x = 1.5. The same observations were done by Yang Bai
with maximum saturation magnetization at x = 1.0 [17].

In both works the nonlinear dependence is explained not by the breakdown,
but by two competitive effects. These effect are lower saturation magnetization
due to the thermal agitation and higher saturation magnetization with the in-
creasing zinc content. The thermal agitation effect is stronger for the zinc-richer
compounds, because due to the weaker exchange interactions they have lower
Curie temperature TC and the relative temperature T/TC is higher. In the Zn-Co

15



substituted ferrites, when prepared by annealing at 1000 ◦C for 10 hours, the
Curie temperature decreases linearly with the increasing zinc content from 613
to 403 K [1].

While saturation magnetization increases with the increasing zinc content,
magnetic anisotropy, remanent magnetization and the coercive field decrease. In
the Tab. 2.6 the basic magnetic properties of various Y type ferrites are given. The
saturation magnetization of the Zn2Y ferrite is the highest of the ferrites, getting
lower in the sequence Zn>Mn>Co>Ni, but the Curie temperature of the Zn2Y
is very low, only 130 ◦C and it has also a very low magnetocrystalline anisotropy
(716 kAm−1 (9 kOe)).

Co2Y, on the contrary, has a lower saturation magnetization and a low coer-
cive field (cca 5 kAm−1 in the ceramic samples), but it has rather high Curie
temperature and its anisotropy is the highest of all Y type ferrites (HA reported
between 2228 kAm−1 (28 kOe) and 3342 kAm−1, the highest values in the oriented
samples).

Table 2.6: Magnetic properties of selected Ba2Me2Y ferrites [1]. *Al− Y stands
for BaSrCoZnAlFe11O22.

Ferrite µB MS at RT (emu/g) MS at 0 K (emu/g) TC (K)
Mg2Y 6.9 23 ∼ 30 553
Mn2Y 10.6 31 >40 563
Co2Y 9.8 34 >40 613
Ni2Y 6.3 24 ∼ 24 663
Zn2Y 18.4 42 72 403

Al− Y* [37] – <40 <60 >400

In general, Y-type ferrites are very soft magnets, i. e. they have low coercive
field. Most of the Y type ferrites (except for uniaxial Cu2Y) are hexaplana ferrites,
what means that they have an easy plane of magnetization perpendicular to the
c−axis or easy cone of magnetization at room temperature.

2.3 Magnetoelectric properties of hexagonal ferri-
tes

There is a number of materials that are both ferromagnetic and ferroelectric –
multiferroic. In many of them, magnetism and electric polarization have different
origin and if there is a coupling between magnetism and electric polarization, it
is usually rather weak.

There is another group of materials, however, with very strong magnetoelect-
ric (ME) coupling resulting from their spiral magnetic structures. They show
either spontaneous polarization, or polarization induced by low magnetic fields,
what allows many possible future applications such as memory devices in which
magnetic domains are controlled by electric fields or vice versa [40].

Spiral magnetic structures are formed when magnetic moments on the nei-
ghboring sites are not in collinear alignment. In Fig. 2.8 we can see schematic
description of one collinear (sinusoidal) and four non-collinear magnetic structu-
res in 1D lattice. Here eij denotes unit vector between two sites i and j, Si and
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Sj denote magnetic moments of these sites. In case of the screw structure the
spin rotation axis is parallel to the unit vector eij and in case of the cycloidal
structure the rotation axis and the unit vector are perpendicular.

Figure 2.8: Schematic description of the sinusoidal and non-collinear spiral mag-
netic structures. Source of the graphics in [40].
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The origin of polarization in these materials lies in the Aharonov-Casher ef-
fect, when two non-collinearly aligned moments cause a distortion of the oxygen
sandwich that leads to formation of a dipole moment.

The magnetic structure dependence of polarization P can be described phe-
nomenologically as:

P ∝ γ eij × (Si × Sj), (2.1)

where γ is a constant proportional to the spin-orbit coupling and the superex-
change interaction. From this equation we can see that in the case of the screw
structure it is not possible to observe electric polarization.

Unlike the materials with non-collinear structures and strong ME effect such as
TbMnO3, CuFeO2, MnWO4 or Cr2BeO4, which all show magnetoelectric effects
only below approximately 20 K, Zn-containing Y ferrite has been reported as
magnetoelectric at low magnetic fields and temperatures up to 310 K!

The reason for the presence of the ME effect at such high temperature lies in
the magnetic structure of the Y ferrite. Inside the B2 and S4 layers (sometimes
denoted as S and L blocks) the magnetic moments are in collinear alignment.
At the block boundary, however, the exchange interaction between 6cIV* and
6cVI sites depends on the lattice distortion due to the presence of Ba and Sr in
the structure. Without strontium, the interaction leads to collinear ferrimagnetic
alignment and when the strontium stoichiometric coefficient is higher than 1.6.
the alignment is antiferromagnetic.

The non-collinear screw structure is formed at compositions where Sr stoi-
chiometric coefficient lies between 1 and 1.6 and is characterized by the angle
between the L and S block magnetic moments. This angle is 83.4 ◦ at 8 K in the
structure of Ba0.5Sr1.5Zn2Fe12O22 and increases with the increasing temperature
to reach 180 ◦ (collinear alignment) at 319 K [39]. Similar observation was do-
ne by Perekalina et al. [38] using neutron diffraction. They observed formation

17



of hellicoidal (screw) spin ordering with propagation vector directed along the
c−axis that decreases with the increasing temperature as shown in Fig. 2.9.

Figure 2.9: Evolution of the magnetic superstructure period in
Ba0.4Sr1.6Zn2Fe12O22 with increasing temperature [38].
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At room temperature in zero magnetic field, the period of the helicoidal
structure is 43 Å and in the applied magnetic field between 1500 and 7000 Oe
it has a value 29 Å. Higher magnetic fields applied slowly destroy the magnetic
structure, in zero field transition to collinear phase occurs at 370 K.

Kimura et al. [39] later provided the phase diagram for the magnetic tran-
sitions in the Y type ferrite Ba0.5Sr1.5Zn2Fe12O22. He describes existence of the
screw structure at zero field that is incommensurately modulated by low magnetic
fields, three intermediate structures commensurately modulated by the magne-
tic field and finally collinear ferrimagnetic structure that is formed at 2.2 T, all
obtainable at room temperature.

Magnetoelectric effect was described in the Intermediate III phase with 3̄’m
magnetic symmetry and appears on the M-H curves as a terrace with different
slope between 0.3 and 2.2 T. Between these values of the magnetic field, electric
polarization at 10 K reached maximum of 150 µC/m2.

Intermediate III phase also exhibits another type of the ME coupling, magne-
tically rotatable electric polarization, when polarization depends on the magnetic
field orientation. In this case, P measured perpendicular to the c axis depends on
the angle θ between P measurement and magnetic field H (in the ab plane) as
cos θ, hence, it changes sign with change of the magnetic field orientation.

Kimura [39] was not able to measure ME effect up to room temperatures
due to low resistivity of the sample that did not allow for poling above 130 K.
Product of citrate synthesis made by Chai et al. [41] that was annealed in the
oxygen atmosphere at 900 ◦C for 8 days had low resistivity at temperatures higher
than 300 K and showed magnetoelectric behavior below 310 K. Because at higher
temperatures the magnetic anisotropy does not confine the magnetic moments in
the ab plane so strongly, formation of the canted or transversal conical ferroelectric
phase can occur at much lower fields, 0.01 T in this case.

2.4 Thin films of hexagonal ferrites
In this section we will describe the motivation for preparation of materials in

thin film form, introduce general concepts and specifics of the thin films, describe
the method used for their preparation in this work and explain the choice of the
seeding layer and preparation conditions.

Preparation of the monolithic integrated circuits for the devices mentioned
above, especially for downsizing them, often requires high frequency materials in
thin film form [53]. Materials in thin film form often exhibit unique properties
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not only due to the electron confinement, but also because of large strains that
can be introduced into the structures.

The strain that is caused by different lattice parameters and/or crystal structu-
res of the film and the substrate may be helpful in tailoring physical properties
of the material and in stabilizing phases that are difficult to prepare in the bulk
form, but it can also complicate the preparation of single-phased film.

2.4.1 Orientation and strain
Concerning the thin films, it is important to mention their grain size, orien-

tation and shape and the film morphology. Their thicknesses usually range in tens
of nanometers and they can be formed either by randomly oriented grains or by
the grains that copy the single-crystal substrate orientation. In the oriented case,
we can describe two different cases, the c-oriented growth and in-plane oriented
growth.

By the c-oriented growth we describe growth of a non-cubic material (e. g.
hexagonal or tetrahedral) with the c-axis perpendicular to the monocrystal sub-
strate. The a- and b-axes can be oriented randomly parallelly to the substrate
surface at the same time, or they can be aligned with some direction of the sub-
strate lattice. Then we speak of an in-plane oriented growth.

In the cases when we prepare a film of the same crystal structure as the sub-
strate has, e. g. Ge on Si substrate, we can observe the third type of oriented
growth – topotactic – where all the axes of the film are aligned with the corre-
sponding axes of the substrates.

Since germanium has a larger lattice parameter than silicon, by preparing a
germanium thin film on top of the silicon substrate we introduce a compressive
strain into the germanium structure. The unit cell dimension is compressed in the
direction parallel to the surface and since the unit cell volume has to be constant
for the given composition, unit cell expands in the direction perpendicular to the
surface.

If the thickness of the layer is sufficiently high, the energy stored in the lattice
compression becomes too high and we can observe relaxation of the layer. The
lattice parameter of the film is now the same as it would be in the bulk form and
the interface between layer and substrate contains dislocations that compensate
for the difference between the lateral lattice parameters of the film and substrate.
It is also possible to prepare a partially relaxed film, with lattice parameters
between the parameters of the substrate and of the bulk film material.

The differences between the substrate and film can be expressed by the lattice
mismatch f :

f = aS − a∞L
aS

(2.2)

where a∞L and aS are lattice parameters of the layer in the bulk form (relaxed
state) and substrate, respectively [54].

In case of the partially relaxed film we define misfit parallel or perpendicular
to the surface δ‖ and δ⊥:

δ‖ = aS − aL‖

aS
and δ⊥ = aS − aL⊥

aS
(2.3)
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where aL‖ and aL⊥ are lattice parameters of the layer parallel and perpendicular
to the substrate, respectively.

Lattice mismatch is a valuable parameter, since it allows us to predict some of
the properties of the layer-substrate structure. In the case of the positive sign of
the lattice mismatch we can say that the layer will be under compressive strain.
In the case of the large mismatches (tens of %) it will not be possible to prepare
non-relaxed structures, or it will not even be possible to prepare oriented thin
film.

2.4.2 Preparation methods
Based on the process responsible for the film deposition, the thin film prepa-

ration techniques can be divided into four categories: physical, chemical, combined
physical-chemical methods and the film etching [43].

As typical and widely used physical methods we should mention thermal eva-
poration processes, cathodic arc deposition, molecular beam epitaxy or different
sputtering processes. These techniques can usually produce very thin films of high
quality, and are widely used in the industrial fabrication of thin films.

During the chemical deposition, metal or metal oxide precursors in gas or
liquid phase are deposited on the substrate and react immediately before or after
deposition to form the precursor film of the desired composition. In the chemical
vapor deposition (CVD) processes, the reactants are transported by the gas flow
to the deposition zone, where gas-phase reactions usually at high temperatures
take place. The film precursors are then adsorbed on the growth surface and move
(by diffusion) to growth sites. The by-products of the reactions are taken away
from the deposition zone by the gas flow.

Typical preparations using CVD methods are deposition of Si (using silane
SiH4 as a reactant) or deposition of GaAs from Ga(CH3)3 and AsH3 that occurs
via free radical mechanism.

For the chemical solution deposition CSD the sol-gel method is usually used.
It starts from a solution or sol (stable suspension of colloidal particles) that
can contain either inorganic metal salts or (more often) metal alkoxides. They
are deposited (by coating, dipping or draining) on the substrate and then they
undergo an irreversible sol-gel transition [43]. This leads to two-phase system of
solid with pores filled with solvent that gives the crystalline film after drying,
pyrolysis and annealing.

In Fig. 2.4.2 a schematic representation of the spin coating deposition tech-
nique is shown. Because it is very simple, low cost and the films of new com-
position can be prepared almost immediately (only preparation of a new sol is
needed), it is suitable for the use in research. However, it is widely used also for
industrial depositions of both inorganic and organic materials and is applicable
for substrates of various diameters up to 1 m [44].

In this procedure, many factors play an important role in the preparation of
the uniform film.

Firstly, the choice of metal precursor: its solubility and stability influences the
stability of the solutions and preparation times required.

Secondly, the choice of the solvent strongly influences the final film thickness
and the rotation speed and time needed.
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Figure 2.4.2: Spin coating deposition scheme

In the first step of deposition using spin coater,
the substrate (steady or rotating) is coated with
the sol containing the precursor and the solvent.
Then the substrate is rotated at high speed (usu-
ally 1000 to 6000 rpm) and most of the sol is
flung off of the side. Centripetal force together
with the surface tension cause the liquid phase
to cover the substrate evenly.
During the rotation, the solvent is evaporating
with help of the airflow from the spin coater. The
sample must be rotating until the film is dry in
order to preserve the film uniformity.

Final film thickness t is inversely proportional to the square root of the angular
velocity ω:

t ∝ 1√
ω

(2.4)

The proportionality constant in this equation depends on the viscosity and
vapor pressure of the solvent, together with the material concentration (influenced
by the solubility of the precursors in the solvent), temperature and local humidity.

The rotation time depends mainly on the boiling point of the solvent, but also
on the temperature and humidity. For most of the solvents typically used (water,
isopropanol, ethanol, acetone, toluene) 30 s rotation is sufficient [44].

Uniformity of the film depends on the first place on the substrate covering. If
the solvent does not cover the substrate evenly, there will be holes and/or defects
in the final film. Uneven covering can be caused either by poor wetting due to
high surface tension of the liquid and surface energy of the substrate (this can be
partially overcome by spreading the sol with the syringe tip), or by the presence
of grease or dust on the substrate.

Another causes of the damaged film structure can be rapid heating during
drying and pyrolysis because of the rapidly evaporating solvent or evolving gases
that can break the film surface, and too high film thickness with respect to its
surface tension.

There are three possible mechanisms of the epitaxial growth in the samples
prepared by the chemical solution deposition [57]:

• Epitaxial grain growth, when epitaxial films grow from small, nanometer-
sized grains at the substrate/film interface by consumption of randomly
oriented grains,

• Liquid phase processing, when epitaxial film is formed at high tempe-
ratures via a liquid phase,

• Two-step process, when polycrystalline film is first deposited and after
heating it breaks up into isolated grains (seeds) with low interfacial energy.
When the next layer is deposited, these grains act as nucleation centers for
the growth of highly oriented film.
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The key factors determining which mechanism occurs are mostly lattice pa-
rameters of the film and substrate and similarity of their structures [57].

2.4.3 Preparations of Y ferrite thin films
To our knowledge, there are so far only seven research papers dealing with

preparation of thin films of Y ferrite. All of the authors give magnetization me-
asurements that give some evidence on the c-oriented growth, but only in three
works ([52], [57] and [45]) the experimental evidence of epitaxial growth is present.
Also, most of the authors report decrease of the coercive field with the increasing
annealing temperature, caused by increased crystallite size.

• Fujii et al. prepared c-axis oriented Ba2Zn2Y films on Ag substrates by a
dip coating polymeric precursor method at 750-900 ◦C [42].

• Same authors later used the same method for preparation of Co2Y films on
Ag, Au and Pt substrates [53]. While the oriented film was prepared on the
Ag substrate at 800 ◦C, using the Au and Pt substrates the temperature
required for the formation of Y phase was 1000 ◦C and in the diffractogram
also peaks of not-oriented Y phase were present.

• Ohkubo [52] prepared Ba2Co2Y film on (111) MgAl2O4 by pulsed laser
deposition using substrate temperature 1100 ◦C. However, as a minor phase
a Co deficient phase BaFe2O4 was formed. Authors have overcome this
problem by using a CoO buffer layer and observed formation of pure phase.
TEM images have later shown that the thickness of buffer layer decreased
rapidly and they have given the epitaxial relation [0001], [101̄0]Co2Y //
[111], [211] MgAl2O4.

• Mohebbi and Vittoria [55] have prepared Ba2Co2Y single phase film on sap-
phire (0001) by alternating target laser ablation deposition and annealing
at 1050 ◦C for 30 minutes in oxygen. The FWHM of the ω-scans were 1.25 ◦
on average, epitaxial relation was not given.

• Ba2Zn2Y films were prepared by Kim et al. by pulsed laser deposition on
single crystal (0001) sapphire substrate at 900 ◦C [56]. At low temperature,
the film was mainly amorphous, but at 900 ◦C even after use of 200 %
stoichiometric amount of zinc strongly Zn deficient films were growing due
to higher zinc volatility. At even higher temperatures, Zn deficiency caused
formation of mainly BaM ferrite.
This problem was solved by use of 40nm epitaxial ZnO buffer layer with
FWHM of the rocking curve 0.25 ◦. The composition of samples prepared
on the buffer layer was Ba2.9Zn2.8Fe12O25, the film contained some impu-
rities of BaFe2O4 and BaM and its thickness was 500 nm. FWHM of the
rocking curve was 0.58 ◦ and the authors report the epitaxial relationship
(001)Ba2Zn2Y//(001) ZnO//(001) Al2O3, however they do not give any
experimental details on how the relationship was obtained.

• J. Buršík et al. [57] prepared pure Ba2Zn2Y on the SrFe12O19 M ferrite bu-
ffered SrTiO3 (111) substrate using chemical solution deposition method.
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The annealing temperature was 1100 ◦C and below this temperature they
did not observe any Y-ferrite growth. The Y ferrite diffraction intensities
decreased with the annealing time and vanished completely after 16 hours
annealing. This suggests that the Y phase in contact with more thermody-
namically stable M phase transforms into M ferrite.

Rocking curve FWHM of the samples annealed at 1100 ◦C for 2 hours was
measured as a function of M seed layer thickness and was found to be
lowest (0.27 ◦) when the seeding layer was 42 nm thick. In the φ scans and
pole figure measurements, the authors observed six maxima separated by
60 ◦, instead of three maxima expected considering total multiplicity of the
measured plane. This evidenced a presence of obverse/reverse twin grains
in the sample.

• In [45], the same Ba2Zn2Y ferrite was prepared with use of seven different
M-ferrite seeding layers and their influence on the quality of the prepared
film was studied. X-ray diffraction has shown that although M seeding la-
yers with low mismatch to the substrate produced highly oriented films, the
orientation of the Y film prepared on top of these buffer layers was pooor.
The highest quality Y-ferrite films were obtained when prepared on top of
seeding layer with lattice parameter approximately in the middle between
those of substrate and the Y-ferrite. The authors did not observe any influ-
ence of the seed layer magnetic properties on the magnetic behavior of the
Y-type film.

We can notice that in many of these works the buffer layer was either ne-
cessary in order to prepare the Y ferrite film, or increased quality of the sample
by supplying the volatile elements, forming a barrier preventing the reaction be-
tween the film and substrate and by minimizing the lattice mismatch between
the substrate and the film.

When the Ba2Zn2Fe12O22 ferrite layer is prepared on the 111 oriented SrTiO3
substrate, lattice mismatch (see eq. 2.2) will be calculated from the characteristic
parameters in the directions that are aligned in the structure, i.e. a-parameter of
the Y ferrite (5.88 Å) and O–O distance in SrTiO3 viewed along [111] (5.52 Å).

This gives us the lattice mismatch −6.4 %, what means that the Y layer will
be in compressive strain along the a-axis. The right choice of the seeding layer
can reduce this strain and help the highly oriented film to be grown.

Using the atomic force microscopy AFM, the authors in [57] observed the
formation of isolated hexagonal grains with lateral size 300-600 nm and height of
50-60 nm and explained the influence of the seed layer on the film quality.

In the case of CSD of Y type ferrites on the SrTiO3 substrates usually the
two-step mechanism (described in section 2.4.2) takes place. If we want the bu-
ffer M ferrite layer to act as a seeding layer, it must be thin enough to form a
discontinuous layer of isolated grains and at the same time the coverage of the
substrate should be as high as possible. That way, the 100 facets’ surface will be
maximal and the side faces of the hexagons will not act as the nucleation centers
for the Y-phase growth [57], [45].
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2.5 Motivation
In 2011, Wang [46] reported magnetically tunable ferroelectricity and giant

magnetoelectric sensitivity up to 250 K in the ceramics of BaSrCoZnAlFe11O22
Y ferrite. In this ferrite not only the magnitude but also the sign of the electric
polarization can be controlled by applying low magnetic fields that modify its
spiral magnetic structure.

They explain the choice of the composition as follows:
1. Partial substitution of Ba with Sr modifies the superexchange interactions in
the ferrite structure and stabilizes the spiral magnetic state,
2. Presence of Co increases the planar magnetic anisotropy,
3. Presence of Zn in the T-block 2 drastically influences the magnetic order, wea-
kens the planar anisotropy and destabilizes the longitudinal conical spin structure,
4. Substitution of Al ions into octahedral Fe sites with nontrivial orbital moment
can finely modify the magnetic anisotropy and thus tune the ME coupling [46].

The giant magnetoelectricity in a similar material Ba0.5Sr1.5Zn2(AlxFe1−x)12O22
was reported in 2010 by Chun et al. [48]. They studied the ferrite with different
doping and discovered that the optimum substitution for the giant ME suscepti-
bility was at x = 0.08 (i.e. Al:Fe ≈ 1:11).

Using the Fe L2,3-edge absorption X-ray spectroscopy and neutron diffraction
they have shown a strong preference of Al for the octahedral positions (occupancy
0.9920 vs. 0.0080). They explain the positive effect of the Al substitution by
reduction of the magnetic anisotropy energy demonstrated by decrease of the
orbital magnetic moment in the ab-plane after substitution.

Since Fe3+ has a half-filled d orbital, its total angular momentum is L = 0.
In the structure of un-doped ferrite, however, the 6cVI iron is not in the center
of an oxygen octahedron. Then the hybridization with O 2p becomes anisotropic
and causes a non-vanishing orbital moment in the ab-plane. The authors suggest
that since Al has a preference for the octahedral sites, the main role of the Al-
substitution is to reduce the magnetic anisotropy energy either through dilution
of the off centered Fe3+ sites or by reduction of their off-centering deformation
[48].

Preparation of hexagonal ferrites substituted by trivalent Al3+, Ga3+, In3+ and
Sc3+ was already reported in more works. Substituted M ferrites were prepared
in [50],[67], M ferrite films in [47], Y ferrites in [59], in already mentioned [48]
and[46] and W ferrites in [49]. In many of these works these ions were chosen due
to their different ionic radii that should influence their preference substitution
rate in the various lattice sites and hence influence the magnetic properties of
substituted samples[51].

2.5.1 Aims of the work
As demonstrated above, substituted Y ferrites containing both barium and

strontium are very interesting compounds with promising magnetoelectric pro-
perties. So far, there was no attempt to prepare thin films of these Y ferrites.

2The authors assume presence of Zn in the octahedral sites of T-block and its consequences
as written in the article by Albanese [70]. However, his article deals only with preference sub-
stitution of Co and Mg into the octahedral sites. As was already demonstrated, presence of Zn
in the octahedral sites was not reported in the literature so far.
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The aims of this work were to prepare a series of samples with composition
BaSrCoZnXFe11O22, where X = Fe, Al, Ga, In, Sc.

In the bulk form:

• Preparation of the powder and ceramic samples,

• Characterization of the prepared samples in order to determine the crystal
structure, especially the cation distribution,

• Magnetic characterization of the prepared samples with focus on the signs
of presence of ME effect.

In the thin film form:

• Preparation of the bare STO/Y films without the seeding layer,

• Preparation of the films using the M ferrite seeding layer,

• X-ray studies of the film quality and orientation.
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3. Characterization methods
The methods that were used to characterize the samples are also used in most

of the reported works studying the hexagonal ferrites. They focus on the phase
purity, grain characterization, structure, magnetic and high-frequency properties
of the prepared samples. Since the measurement techniques and information that
we are trying to obtain from the powder samples and from the thin films are diffe-
rent, this chapter is divided into two sections: section describing the methods used
for characterization of the powder samples and ceramics and for characterization
of the thin films.

3.1 Powder samples
To study the phase composition of a material, powder X-ray diffraction is often

a first choice due to its availability and easy evaluation. The quantitative phase
analysis can be done using many techniques, mostly used today being Rietveld
analysis.

3.1.1 Rietveld analysis
In order to determine the structure of a new material, single crystal XRD or

neutron diffraction is usually necessary. This complicates the structure determi-
nation, since single crystals can sometimes be difficult to prepare and even if they
are prepared, they can still contain too many defects that cause extinction.

However, if a similar structure is already known, it is possible to refine the
structure of our material from powder X-ray or neutron diffraction. In the powder
diffractogram, we project a three-dimensional structure into one dimension, what
necessary leads to overlap of the diffractions and so to the loss of information.
Therefore, Rietveld in 1969 [60] developed a method that treats each point of the
diffractogram as a datum. That way, we obtain information not only from the
diffractions, but also from their absence in certain positions and from the peak
shapes.

If our data are present in the form of {xi, yi} set, we can model the observed
intensity yi by writing the calculated intensity yc,i as a function of the angle xi:

yc,i =
∑
φ

Sφ
∑
hkl

Iφ,hklΩ(xi − xφ,hkl) + bi. (3.1)

In this equation, φ denotes phase and S denotes scale factor of the phase
(proportional to its content in the sample), hkl represents Bragg diffraction, and
bi is background at the position xi. Fullprof software [61], [62] tries to minimalize
the difference yi − yc,i using the least squares refinement.

Ω(xi − xφ,hkl) is a profile function that models both instrumental and sample
effects. Rietveld method was based on the observations that the diffraction profiles
are Gaussian or nearly Gaussian, but the softwares that perform Rietveld refine-
ment today are able to do the refinement using many types of profile functions
(Voigt, pseudo-Voigt, Pearson etc.)

Iφ,hkl is a function of phase and diffraction and can be written further as:
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Iφ,hkl = {LAC P F 2}φ,hkl (3.2)

In this equation:
L is a factor that combines Lorentz, polarization and diffraction multiplicity fac-
tor,
A is the absorption correction,
C represents additional corrections (extinction, non-linearity etc.) and
P is the correction for preferential orientation of the sample.

The last parameter is the structure factor Fhkl that contains information about
the fractional coordinates and the occupancies of the atoms in the unit cell.

Fhkl =
N∑
n=1

fn · exp[2πi(hxn + kyn + lzn)]. (3.3)

In the X-ray diffraction, the scattering factor f of the atom n depends on the
atomic number of the atom. Therefore it is practically impossible to refine occu-
pancy of atoms with similar atomic numbers (for example occupancy of iron and
cobalt in the same site). For these purposes neutron diffraction where the scat-
tering factors of the neighboring atoms are different would be more suitable [60],
[61][63].

3.1.2 Mössbauer spectroscopy
Mössbauer spectroscopy is a nuclear resonance spectroscopy of crystalline ma-

terials. Nowadays it is mostly used for studying of different iron compounds and
is very sensitive to the phase composition, oxidation number, structure and mag-
netic properties of the material.

The radiation that is used in the Mössbauer spectroscopy is 14.4 keV γ-ray
produced by the nuclear decay of 57Co source in rhodium matrix (shown in Fig.
3.1). 57Co decays by the K capture with halftime 270 days to form 57Fe in the
nuclear excited state. 15 % of the nuclei deexcite by the direct emission of 136 keV
γ-ray photon, the other 85 % form iron in the nuclear state I=3/2 by emission of
122 keV photon. 11 % of the nuclei in the 3/2 state then emits Mössbauer 14.4
keV radiation, the rest are deexcited by the internal conversion and emission of
a conversion electron [65].

Figure 3.1: Nuclear decay scheme of 57Co showing the transition giving the 14.4
keV γ-ray.
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The 14.4 keV photon can then be absorbed by another 57Fe nucleus and is
later emitted in all directions. That way, in the presence of 57Fe nuclei in the
sample we see decrease in the intensity of 14.4 keV rays on the detector (a single
Lorentz peak). Not all the 57Fe nuclei in the sample are excited, however, due
to the recoil during the absorption. Recoil is the reason why it is not possible to
observe nuclear resonance absorption in the liquid samples: the relative width of
the γ-radiation peak is too small and in the case of recoil there is not enough
energy left for excitation of the nucleus.

In the crystalline samples the recoil energy is absorbed by the whole lattice
and a phonon is excited. There is, however, a non-zero probability of so-called
“zero-phonon process” given by Lamb-Mössbauer factor. This factor is very dif-
ferent for various nuclei and is rather high (around 0.91) for iron compounds. It
depends on the transition energy and on the mean square displacement of the
atom. The displacement strongly depends on the temperature, but for various
iron compounds and cation sites it is only slightly different (at constant tempe-
rature). This allows us to estimate relative content of different iron compounds
in the sample or from the relative intensities of the subspectra.

Hyperfine interactions

So far, we were considering only transitions in a bare Fe nucleus. The nuclei
in the real molecules, however, are not point charges but spherical or elliptical
bodies with nuclear charge density that interact with the surrounding electron
charges.

Interaction of the nuclear monopole moment (radial nuclear charge distribu-
tion) with the electric field gradient tensor leads to perturbation of the nuclear
energy levels. Magnitude of this perturbation depends on the electron density in
the nucleus (i. e. probability of presence of electrons in the nucleus that is non-
zero only for the s-electrons) and on the radius of the nucleus. Since the radii
in the ground and excited state are different, the changes in the nuclear energy
levels for the ground and excited state are not equal and there is a change in the
nuclear transition energy in orders of 10−8 eV (Fig. 3.2).

With the different transition energy, there would no longer be a resonance
absorption until the source energy is also changed. This is achieved by moving
the source at variable velocity with respect to the absorber. In the case of iron, the
movement in orders of mm/s produces Doppler effect comparable to the hyperfine
interactions effect. That way, resonant absorption occurs at a non-zero velocity
that is referred to as “isomer shift”. This shift gives valuable information about
the electron density in the nucleus, from which in many cases it is possible to
determine the oxidation state of iron [64].

In the presence of non-spherical charge distribution, there is an interaction
between the nuclear quadrupole moment and the electric field gradient that causes
splitting of the excited state into two substates with mI = 3/2 and 1/2. There are
now two possible transitions with slightly different energies and in the spectrum
we observe a Lorentzian doublet with separation that is proportional to this
energy difference. This separation is called quadrupole splitting and it can be
used as a measure of the bond distribution, i. e. for determination if the atom
site is tetrahedral or octahedral.
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If there is a magnetic field present in the sample, all the energy levels are
split into levels with positive and negative mI. There are eight possible nuclear
transitions, but two transitions with |∆mI| > 1 are not allowed. In the spectrum
we can observe a sextet with integral intensities 3:2:1:1:2:3. The separation of
the peaks is called hyperfine field BHF and is proportional to the local magnetic
field felt by the iron nucleus. In some magnetic oxides (e.g. hematite) it can reach
values as high as 50 Tesla [65].

Figure 3.2: Energy levels and transitions in the nucleus with hyperfine interacti-
ons. The energy shifts are not to scale. CD = charge distribution.

Spectra of hexagonal ferrites

In the Mössbauer spectra of M ferrite 5 subspectra that correspond to 5 non-
equivalent cation sites can be observed. In one of the sites the iron atom has trigo-
nal bipyramidal environment that leads to remarkably high quadrupole splitting
of approximately 2 mm/s.

In the Y type ferrites we could expect 6 sextets corresponding to 6 cation sites
with intensities proportional to the site multiplicity (assuming that the Lamb-
Mössbauer factors for different sites are approximately equal). Therefore it could
be possible to study the preferential substitution of iron in different cation sites by
studying the intensities of the sextets. However, the sextets are in strong overlap
and the hyperfine parameters values reported in literature are very inconsistent
and sometimes physically unreasonable.

There are works where the authors have fit the Y ferrite spectra with seven
[18] or three [66], [36], [9] subspectra. Using different approaches, all the authors
reported nearly statistical distribution of Zn over the tetrahedral sites, or some
preference for the S block sites. However, the attribution of the subspectra to the
cation sites was different in each of the works, and reported distribution of Co
was in disagreement with the values reported in the literature.

There are three works where the authors fitted the spectra with 6 sextets
corresponding to 6 cation sites, but neither of these works reports how the authors
were able to identify the cation sites from the spectra.

Cho et al. [71] measured spectra of Ba2−xSrxCo2Fe12O22 and attributed the
subspectra to the cation sites. They report the strongest hyperfine field for the
18hVI sites, followed by 3bVI, 6cIV, 6cIV*, 6cVI and 3aVI sites. They report increase
of the hyperfine field with increasing Sr content and the presence of iron in high
spin 3+ oxidation state.
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Won and Kim [68] also report the same order in the hyperfine field in the
nickel substituted Ba2Co2Y ferrite, and their isomer shift values are between 0.36
and 0.16 with non-systematic changes between the samples (e.g. 0.23–0.26–0.22).

The last work was done on Ba2Mg0.5Co1.5Fe10.8M1.2O22 doped by M= Al,Ga
and In [59]. They describe the exchange interactions inside the S block as stronger
than in the T block (unlike Gorter [16]) and report the same order of hyperfine
fields as the previous two works.

They were able to estimate the Fe occupancy in the cation sites and they
reported preference of Al for the spin-down sublattice and of Ga and In ions for
the up-spin 6cVI site.

3.1.3 X-ray fluorescence
X-ray fluorescence is a elemental analysis method that uses X-ray produced

by an X-ray tube to excite the characteristic X-ray from the atoms present in the
sample.

High voltage applied on the cathode and anode of the tube causes acceleration
of the electrons towards the anode. They collide with the anode material and
during the slowing down they emit Bremsstrahlung – X-rays with wide continuous
spectrum – and also characteristic radiation caused by the electron transfers in
the anode atoms. There is also large amount of heat produced at the anode
that must be lead away either by water cooling (in case of diffratometers or of
the wave-dispersive fluorescence spectrometers), or only by the air cooling as in
energy-dispersive fluorescence spectrometer.

The sample in the spectrometer is then irradiated by the produced X-ray,
which causes emission of its K-electrons. A series of electron drops from the
outer shells follows, producing characteristic radiation. In the case of drop of the
2p electrons the characteristic radiation is called Kα1 and Kα2, in case of the 3p
electrons drop the radiation is called Kβ and in the case of drop of the 3p electrons
to the L layer Lα etc.

The detector of the X-ray is oriented perpendicularly to the primary beam
and detects the characteristic radiation from the sample according to its energy
(energy dispersive spectrometer). The content of the element is then proportional
to the peak intensity in the fuorescence spectra.

The energy of the characteristic radiation is proportional to the atomic num-
ber. If there is iron present together with cobalt in the sample, the characteristic
radiation of cobalt with higher energy (6403 vs. 6930 eV) will be absorbed by the
iron atoms, what results in the biased quantitative analysis in favor of iron. In the
commercial spectrometers, however, there is a software calibrated for this inter-
elemental influence and there are also possibilities to calibrate the spectrometer
for the composition similar to the measured samples.

3.2 Thin films
In order to characterize the orientation of the prepared film two methods are

widely used, the electron back-scattered diffraction EBSD and X-ray diffraction
XRD. In the EBSD method the orientation of the grain is determined from the
Kikuchi pattern that is typical for every grain orientation.
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The XRD allows us to determine the quality of the out-of-plane orientation
when the intensity of a Bragg reflection is measured as a function of ω angle.
This angle represents a tilt of the sample around the diffractometer axis while
the detector remains fixed at the Bragg angle. As the result, we obtain high
diffraction intensity at the angles at which the amount of crystallites oriented
in agreement with the diffraction condition is high. If the sample is out-of-plane
oriented, in the ω scan we observe a narrow peak with FWHM less than 1◦.

This measurement, however, does not tell us anything about the in-plane ori-
entation of the sample. For this purpose a ϕ scan can be used. In the ϕ scan the
diffraction intensity is recored as a function of the sample rotation around the
vertical goniometer axis. In the typical in-plane oriented sample with the R3̄m
space group we should see a set of narrow peaks with multiplicity corresponding
to the total plane multiplicity and if the ϕ scan is measured also on the sub-
strate diffraction, we are able to determine the orientation relation between the
directions of the film and the substrate.

Complete orientation of the crystallites in the sample is often represented as
the pole figures. It is a stereographic projection of the crystallographic directions
in the measured material and with the XRD it can be obtained by measuring the
intensity of Bragg diffraction as the function of ϕ and ψ. This measurement is
very time consuming but its advantage compared to the information from ϕ and
ω scan is that ω scans are usually measured only at one certain ϕ angle. That
way, ω scan represents the real out-of-plane orientation only if this orientation
has rotation symmetry. Similar situation applies to the ϕ scans. In the most
cases, however, when the sample is prepared by classical chemical method, there
is no reason for this asymmetric orientation and these two scans are sufficient
for determination of the orientation. In our samples, ω scans were measured at
ϕ = 0 and 90◦ in order to confirm the symmetric out-of plane orientation.

Figure 3.3: Schematic representation of the angles in the Bragg-Brentano diffracti-
on geometry

ϕω

φ

ω
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4. Experimental
In this chapter we describe preparation of the ceramic samples, solutions and

thin films of hexagonal ferrites of nominal composition BaSrCoZnXFe11O22, where
X can be Fe, Al, In, Ga or Sc and the methods of characterization that were used
in this work.

4.1 Preparation

4.1.1 Powders and ceramics
In the whole text we are going to refer to the ceramic and powder samples by

their substituting element X, that means Fe-Y ferrite = BaSrCoZnFe12O22 and
Sc-Y ferrite = BaSrCoZnScFe11O22.

Citrate synthesis

Powder samples of substituted Y type hexagonal ferrites were prepared by
conventional citrate synthesis as described in Pechini’s patent [11]. For typical
preparation of approximately 10 g of powder product we used the amounts of
reactants given in Tab. 4.1.

Table 4.1: Weighed amounts (in grams) of reactants for citrate synthesis yiel-
ding cca. 10 g of powder Fe-Y ferrite; CA stands for Citric acid, EG stands for
Ethyleneglycol
BaCO3 SrCO3 Co(NO3)2· 6H2O ZnCO3 Fe(NO3)3· 9H2O CA EG
1.5433 1.1246 2.1896 0.9229 37.6493 38.0 12.2

Substituting elements were added in form of nitrate (in case of scandium),
nitrate solution (in case of indium and aluminium), and gallium chloride solution
prepared from a commercial anhydrous GaCl3. In the first step, we dissolved all
carbonate precursors in approx. 50% aqueous solution of nitric acid. The mixture
was heated in order to keep the volume of the solution (the amount of water) the
lowest possible.

The nitrates were then dissolved in small volume of hot water in a 2l beaker
(the reaction mixture foams) and the dissolved carbonates, solutions of substitu-
ting elements, citric acid and ethylene glycol were added. The mixture was then
heated and mixed and after significant amount of water evaporated, the gel was
transferred to the oven, where it was dried at 130 ◦C for 2 hours.

Dry product was then ground and pyrolysed at 700 ◦C for several hours.
Optimum annealing temperature for each of the samples was found experi-

mentally by annealing small amounts of the pyrolysed samples at different tem-
peratures from 1100 to 1250 ◦C for various times (3 to 24 hours). In the Tab.
4.2, the optimum annealing conditions for samples with different composition are
listed. The criteria to select the best conditions were good crystallinity and no or
minor impurities of other phases visible by powder X-ray diffraction.
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Table 4.2: Optimum annealing conditions for the hexagonal ferrites powders
Substituting element X Fe Al In Ga Sc

Optimum temperature (◦C) 1150 1200 1125 1150 1150
Optimum time (hours) 24 5-8 5 6 5

At these annealing conditions, larger amounts of powder samples were later
prepared for the neutron diffraction measurement. These samples will later be
denoted as X-Y (p).

Ceramics

Ceramic samples were prepared from powders prepared by the citrate syn-
thesis as described above, annealed at 1000 ◦C. Powder samples were then pressed
into pellets by Cold Isostatic Pressing at the pressure 300MPa at VUT Brno.

After pressing, the samples were given the shape of prism with dimensions
0.5 × 0.5×1 cm and annealed at optimum conditions with a ramp 2 ◦C/min in
the oxygen atmosphere. In the case of Sc substituted sample, due to a mistake
in the program that controls the oven, the samples were annealed for 16 hours
instead of 5.

In order to control the phase composition of the ceramic samples, we annealed
a small amount of powder together with the ceramic samples in oxygen. These
samples will later be denoted as X-Y (c). The difference between the (p) and
(c) samples can be not only the annealing in the oxygen atmosphere, but also
the annealing regime (oxygen-annealed samples were heated and cooled slowly,
(p) samples were taken out of the furnace after the annealing time has finished,
without waiting for the furnace to cool down) and elemental composition.

In order to prepare ceramic samples suitable for the magnetoelectric measu-
rements, we annealed the ceramic samples at 900 ◦C for six days in the oxygen
flow. Samples were then cooled in the oxygen atmosphere in very slow regime
(0.8 ◦C/min from 900 to 650 ◦C) and after that, they were kept in the furnace
that was cooling down spontaneously, still in the oxygen atmosphere.

4.1.2 Preparation of thin films
Thin films of hexagonal ferrites of nominal composition BaSrCoZnXFe11O22,

where X can be Fe, Al, In, Ga or Sc were prepared using chemical solution depo-
sition method. The preparation of the M type ferrite films is also described here,
since it was used as a seeding layer for the Y type ferrites, as explained in the
previous sections.

Precursors

As the metal precursors we have used ethylhexanoates that were purchased
from abcr GmbH company (producer STREM USA). Sc, In and Ga precursors
were solid acetylacetonates prepared in our laboratory.

As starting material we used Sc2O3, InCl3 and GaCl3. Acidic solutions of
metal chlorides were mixed with excess of acetylacetone (molar ratio 1:12). The
mixture was heated and during intensive stirring saturated solution of ammonium
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hydroxide was added while the formation of white crystalline product was obser-
ved. The product was extracted to toluene, toluene phase was separated and the
crystals formed after evaporation were recrystallized using toluene. The purity of
the products was confirmed by the powder X-ray diffraction.

Solutions of CSD precursors

For the preparation of Y type ferrites we prepared five solutions of me-
talorganic precursors in isopropanol with concentration of iron approximately
0.4 mol · dm−3.

For a typical synthesis, we started with barium and strontium ethylhexano-
ate (Ba(ehex)2 and Sr(ehex)2) because of experimental difficulties (high melting
point, high viscosity of the hot liquid and hig reactivity with air humidity). Un-
der dry nitrogen atmosphere we weighed 5% stoichiometric excess of Ba(ehex)2
and Sr(ehex)2 and stoichiometric amount of Co(ehex)2, Zn(ehex)2 and Fe(ehex)3.
The substituting elements were added as 0.9M solution of aluminium butoxide in
isobutanol for the Al-Y solution or as solid scandium, indium or gallium acetyla-
cetonate for the Sc-Y, In-Y and Ga-Y solutions. We added magnetic stirrer and
100 ml of isopropanol. The solutions were then stirred and heated at 80 ◦C for
several hours in an Erlenmeyer flask with a stopper until they were homogeneous.

The solution of the GaAlM ferrite with composition Ba0.5Sr0.5Al6Ga6O19 was
prepared similarly, using also the 5% stoichiometric excess of Ba and Sr. All the
solutions remained stable without formation of gelous precipitates or appearance
of Tyndall effect for longer than one year except for solution of Sc-Y ferrite. In
this solution, after few hours at room temperature crystals appeared that were
identified as solid Sc(acac)3. We increased its solubility by adding 10 ml of toluene
and before the deposition we dissolved the crystals by heating the solution.

Since preparation of the thin films is more time- and finances-consuming, it
is advantageous to optimize the precursor solution composition before the depo-
sition [57]. In order to do that, we dried 5 ml of each solution and pyrolyzed and
annealed the powders at 1100 ◦C. Phase and elemental composition were then
verified by PXRD, XRF and EDS analysis, respectively and their composition
was then modified by addition of the deficit elements. For example, if there were
spinel phases present in the sample, we could assume that there was deficit in the
Ba and/or Sr content and if confirmed by the elemental analysis, precursors for
these elements were added to the solution.

Chemical solution deposition

As substrates, we used single crystals of SrTiO3 (111) (STO). They were
washed in acetone combined with ultrasonic treatment and annealed at 1000 ◦C
for 1 hour. Right before the deposition they were treated with plasma (Zepto
Plasma cleaner, Diener Electronic, Germany).

All the thin films were prepared by spin-coating technique. For a typical pro-
cedure we deposited a drop of solution of precursors and then rotated the sample
at spinning speed 3000 rpm for 30 seconds (spin coater RC8 Gyrset by KarlSuss).
The films were then dried at 100 ◦C, pyrolyzed at 300 ◦C for 3 to 5 minutes and
then annealed at higher temperature for short time. The process was then repe-
ated until a film of desired thickness is produced.
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Firstly, using half of the cleaned substrates, we prepared seeding layer of M
phase by depositing 2 layers of the prepared GaAlM solution. The first layer was
annealed at 1100 ◦C for 5 minutes, final annealing was at 1100 ◦C for 24 hours.

After final annealing, we repeated the cleaning procedure and used one bare
substrate and one substrate with M seeding layer for each Y type ferrite depositi-
on. Each Y type ferrite was deposited in 10 cycles, with annealing between cycles
at 1050 ◦C for 1 minute and final annealing at 1050 ◦C for 5 minutes. During the
heat treatment we tried to simulate the Rapid Thermal Annealing that is used
in the industry. We have used a platinum sample holder that, thanks to its low
mass and high thermal conductivity, allows us to reach high temperatures and
cool down the sample in less than 10 seconds.

Some of the samples were later annealed at higher temperatures, or were
prepared anew and annealed at different conditions. As a result we obtained 20
samples of five compositions that are listed in Tab. 4.3. Samples were prepared in
two sets: without use of the seeding layer and with use of M ferrite seeding layer.
These sample types will later be denoted as X-Y Bare and X-Y M seed.

Table 4.3: List of prepared thin films, in all cases the substrate is STO(111), Y
precursor solution was deposited 10× at 3000 rpm.
Sample Fe-Y Al-Y Ga-Y In-Y Sc-Y

Bare

1050 ◦C 5’ 1050 ◦C 5’ - 1050 ◦C 5’ 1050 ◦C 5’
- - 1050 ◦C 20’ - 1050 ◦C 20’
- - - - 1100 ◦C 5’
- 1100 ◦C 30’ 1100 ◦C 30’ 1100 ◦C 30’ 1100 ◦C 30’

M seed

1050 ◦C 5’ 1050 ◦C 5’ - 1050 ◦C 5’ 1050 ◦C 5’
- - 1050 ◦C 20’ - -
- - - - 1100 ◦C 5’
- 1100 ◦C 30’ 1100 ◦C 30’ 1100 ◦C 30’ -
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4.2 Characterization

4.2.1 Elemental analysis
For the elemental analysis we have used X-ray fluorescence XRF and scanning

electron microscopy with EDS (energy dispersive spectroscopy) detector.

EDS Measurement

For the measurement we have used a JEOL JSM-6510 microscope operating
at 20 kV in high vacuum equipped with EDS detector SDD x-act 10 mm2 INCA
from the Oxford Instruments company.

XRF : Standard-free method

Since the fluorescence spectrometer is equipped with a calibrated software
for interference correction, the producer states that there is no need for further
standardization of the spectrometer. To confirm this, we have done a control
measurement. We have used a 20 g powder mixture of BaCO3, SrCO3, ZnO,
Co3O4 and Fe2O3. Carbonates and oxides were chosen because they are very
stable in the air, they are not hygroscopic and since carbon is a very light element,
it causes no signal and no interference in the spectrum. However, zinc oxide tends
to form carbonates slowly and cobalt oxide tends to lose oxygen to form CoO,
that is why ZnO and Co3O4 were annealed for 20 minutes at 500 and 800 ◦C,
respectively. The nominal ratio of heavy elements in the powder mixture was the
same as in the BaSrCoZnFe12O22 ferrite. The mixture was ground in a ball mill
and used for calibration measurement. The resulting content of all elements was
very similar to the expected one.

XRF Measurement

We have used a Rigaku NEX CG energy dispersive fluorescence spectrometer
with Rh 50W source of the X-ray. For higher accuracy, the spectrometer contains
four targets that modify the energy of the radiation: RX9 for the characteristic
radiation between 1.0 and 2.8 keV, Cu for radiation between 3.0 and 8.0 keV, Mo
between 6 and 15 keV and Al between 16 and 38 keV.

For the measurement of the powder samples we put approximately 1 g of finely
ground sample into a cyvette and pressed it at torque 20 N ·m. In the case of the
powders prepared from the precursor solutions, the usual amount of sample was
200 to 400 mg. Samples were measured in the helium atmosphere and evaluated
using NEX software.

4.2.2 Film thickness determination
To determine the thickness of the thin films, we prepared separate samples

with Si(111) used as substrate. The preparation procedure was the same as for
the ferrite samples, the only difference was that the samples were annealed at
700 ◦C instead of 1050 ◦C. The samples were then partially covered with an acid-
resistant polymer and etched using aqua regia. After removal of the polymer a
clean step in the middle of the sample appeared. We measured the height of the
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step using stylus apparatus AlphaStep IQ by KLA Tencor with applied force of
11.2 mg.

4.2.3 Powder X-ray Diffraction
Powder samples

Side loaded samples were prepared to minimise the effect of preferential ori-
entation of the ferrite crystallites.

Diffraction patterns were collected with a PANalytical X’Pert PRO diffracto-
meter equipped with a conventional X-ray tube (Co Kα radiation, 40 kV, 30 mA,
line focus) and a multichannel detector X’Celerator with an anti-scatter shield.
X-ray patterns were measured in the conventional Bragg-Brentano reflection ge-
ometry in range of 2 to 150 ◦2θ with step of 0.0167◦ and 1500 s counting per
step. In this case we used conventional Bragg-Brentano geometry with 0.02 rad
Soller slit, 0.125◦ divergence slit, 0.25◦ anti-scatter slit, and 15 mm mask in the
incident beam, 5.0 mm anti-scatter slit, 0.02 rad Soller slit and Fe β-filter in the
diffracted beam. It represents a scan of about 30 hours.

Qualitative analysis of the diffractograms was performed with the HighScore
Plus software package (PANalytical, The Netherlands, version 3.0e) and JCPDS
PDF-2 database [73].

For the Rietveld refinement of the structures we used Fullprof software pac-
kage with structural model based on Ba2Co2Fe12O22 structure obtained from the
ICSD database (ICSD 74487), [21].

Refinement was done in the region of 5 – 150 ◦ 2θ with cut-off of the peak
profile tails at 20.0×FWHM. The background used during the refinement was
calculated as linear interpolation between given points. These points were deter-
mined manually and their number was usually between 20 and 30. Zero shift of
the detector and sample displacement were fitted and their values were low in all
cases. Peak profile shape used was pseudo-Voigt, i. e. linear combination of Gaus-
sian and Lorentzian peak. The fitted parameter η represents the relative amount
of the Lorentzian peak in the pseudo-Voigt profile. For the structure refinement
we used the structure model from the ICSD database ([21], ICSD no. 74487),
were we have added Zn and X atoms and fixed the cobalt occupancies at the
values given by Tab. 2.4.

Thin film samples

We used custom-made sample holders that allowed the sample surface to lie
on the focusing circle of the diffractometer and prevented the tilt of the surface
even if the monocrystal substrate wasn’t cut perfectly parallel.

θ−θ scans were measured using similar conditions as in the case of the powder
samples. Instead of cobalt, Cu Kα radiation was used (40 kV, 30 mA, line focus),
with the scan range 10 to 38 ◦2θ, step 0.01313 ◦ and 100 s counting per step.

ω-scans were measured on the 0012 diffraction of the Y ferrite. This diffraction
was chosen because it has relatively high intensity and no no overlap with possible
00l reflections of M ferrite. The detector-sample angle was fixed in the diffraction
condition for the chosen reflection and the X-ray source was then moved in the
range of 4 ◦ω around the intensity maxima with the 0.03◦ step and 10 s counting
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per step. The rocking curves were fit by the pseudo-Voigt function using the
WinPlotr software. The values reported in the results section were calculated as
mean values for the 0 and 90◦ ω scans.

ϕ scans were measured on the 119 and 1114 reflections of the Y ferrite and 100
and 110 reflections of the substrate using PANalytical X’Pert MRD diffractometer
with Cu Kα1,2 radiation, with polycapillary in the primary beam, Eulerian cradle,
parallel-plate collimator and secondary monochromator.

The peak positions and integral breadths of θ − θ scans were fitted using
WinPlotr software fitting procedure. The peak positions were corrected for the
sample displacement that was calculated using theoretical position of the sub-
strate Kβ peak. Integral breadths were corrected for the instrumental broadening
and with use of the Scherrer equation we calculated approximate crystallite size.

4.2.4 Powder neutron diffraction
Neutron diffraction was measured at MEREDIT (MEdium REsolution ne-

utron powder DIffracTometer) placed on the horizontal channel of the light-water
cooled reactor LVR15 in Řež u Prahy.

For each measurement we have used more than 5 g of the ferrite powder.
The measurement range was 4 to 144 ◦2θ with the wavelength 1.4600 Å. The
step was 0.08 ◦, time per step 712 s. The monochromator was 220 reflection of
mosaic copper. The slit in the secondary beam was 14 × 37 mm2 large and for
the neutron detection we have used detector field that consists of 35 point gas
detectors containing 3He. The Rietveld refinements were also done in Fullprof
with the same starting structure model as for the X-ray diffraction.

4.2.5 Mössbauer spectroscopy
Room temperature measurements were performed using spectrometer Wissel

with 57Co source of γ-rays with proportional detector in transmission arrange-
ment. The isomer shift was calibrated using α-Fe foil as standard. For typical
measurement 80 mg of powdered sample was inserted into Mössbauer kyvette
and data was being collected for 3 days at room temperature.

4.2.6 Resistivity measurements
The complex dielectric permittivity was measured in the 10 Hz – 1 MHz

frequency region at temperatures between 4 and 300 K with a 4192 LF Hewlett-
Packard Impedance Analyzer and Alpha AN Novocontrol Dielectric Analyzer
assembled with a He-flow cryostat allowing temperature cycling within 9 – 297
K with a rate ±50 mK · s−1.

4.2.7 Magnetic measurements
We have measured the dependence of the magnetization on the magnetic

field 0 to 7 T at temperatures between 4.2 and 300 K and dependence of the
magnetization on temperature between 300 and 950 K using a Quantum Design
MPMS7XL device (SQUID). For the typical measurement the prepared sample
was put into the capsule and fixed using a resin.
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Experiments were performed in MLTL (see: http://mltl.eu), which is suppor-
ted within the program of Czech Research Infrastructures (project no. LM2011025).

40



5. Results and discussion
In this chapter we describe the results of synthesis and characterization of the

Y ferrite samples prepared by the processes described above. All the samples were
prepared in the form of dark grey, magnetic powders, pellets and dark reflective
films.

5.1 Elemental analysis
In Fig. 5.1 the typical X-ray fluorescence spectra of a powder sample is shown

with all the relevant fluorescence lines. The results of EDS and XRF analysis are
given in the Tab. 5.1 and Tab. 5.2.

Figure 5.1: Typical X-ray fluorescence spectrum of powder Fe-Y ferrite
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In the first column of the tables, nominal composition is always given, i.e.
the composition corresponding to the theoretical stoichiometry. The results of
the elemental analysis show that the real composition of most of the samples is
similar to the expected one. There are small differences in range of 0.1 % that
can be attributed to the instrumental effects.

This can be demonstrated on the sample (Fe-Y c), where X-ray fluorescen-
ce showed slight defficiency of barium and cobalt, but EDS showed slight ex-
cess of both of these elements. Similar situation is with strontium content in
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Table 5.1: Results of the XRF analysis of the powder ferrite samples, in case of
Fe-Y ferrite the nominal molar content of iron is 75 %

Sample No- Fe-Y Al-Y In-Y Ga-Y Sc-Y
(mol. %) minal (c) (p) (c) (c) (p) (c) (p) (c) (p)

Ba 6.25 5.8 6.8 6.9 6.6 6.7 6.2 6.6 4.4 7.0
Sr 6.25 6.3 6.2 6.3 6.2 6.2 6.6 6.2 6.6 6.2
Co 6.25 6.0 6.2 6.2 6.2 5.9 5.9 6.3 5.9 6.0
Zn 6.25 4.6 4.9 4.9 4.8 4.7 4.6 3.9 5.4 4.8
X 6.25 - - 6.3 6.6 6.9 6.3 6.5 4.4 3.6
Fe 68.8 77 76 69 69 69 70 70 73 72

Table 5.2: Results of the EDS analysis of the powder ferrite samples, in case of
Fe-Y ferrite the nominal molar content of iron is 75 %

Sample No- Fe-Y Al-Y In-Y Ga-Y Sc-Y
(mol. %) minal (c) (c) (p) (c) (p)

Ba 6.25 6.7 6.1 6.7 6.4 6.5
Sr 6.25 6.7 6.4 7.3 6.8 7.1
Co 6.25 6.7 6.8 6.5 7.0 6.5
Zn 6.25 4.3 5.3 4.9 4.6 4.8
X 6.25 - 6.3 6.6 5.4 3.5
Fe 68.75 75.5 69.1 68.0 69.8 71.6

the In-substituted powder sample or with cobalt and galium content in the Ga-
substituted (c) sample. Excellent match, for example, can be found in the content
of Al and Fe in the Al-Y (c) sample.

Despite these uncertainties, there are some trends that can not be caused
by the instrumental errors. Probably the most noticeable difference is the zinc
defficiency. There are only two measurements where the zinc content exceeded
value 5 molar % (Sc-Y and Al-Y), and none of the samples has zinc content
close to the expected one. This can be explained by the zinc volatility at high
temperatures. Higher losses were also expected in the Ba and Sr content and they
were therefore compensated during the synthesis (we used 10 molar % excess of
both Ba and Sr precursors).

There is also, however, a strong scandium deficit discovered by both methods
in both Sc-Y samples, where scandium content is only slightly over 50 % of the
expected one. This can not be explained by the volatility of scandium at higher
temperature, its reason can be the reaction with the crucible or, most probably,
the uncertainty of the Sc content in the scandium nitrate that was used as a
precursor. Although the scandium content was analysed using thermogravimetry
before the preparation, it is a compound that absorbs air humidity very rapidly
and the real water content might have been even higher than analysed.

In the Tab. 5.3 and Tab. 5.4, final results of the elemental analysis of the
powders prepared from the precursors solutions are shown. As in the previous
tables, in the first row the nominal composition for comparison is given.

In these tables we can notice some disagreement between results from the two
analysis methods. Its reason can lie in the low amount of the sample, since 5
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Table 5.3: Results of the XRF analysis of the ferrite samples prepared from the
precursors solutions, in case of Fe-Y ferrite the nominal molar content of iron is
75 %

Sample Nominal Fe-Y Al-Y In-Y Ga-Y Sc-Y
Ba (mol. %) 6.25 7.2 6.7 6.9 8.3 6.2
Sr (mol. %) 6.25 6.0 6.1 7.9 7.2 7.4
Co (mol. %) 6.25 7.2 6.0 7.6 6.5 6.6
Zn (mol. %) 6.25 4.7 4.9 4.0 6.9 5.6
X (mol. %) 6.25 - 5.1 3.7 5.9 5.3
Fe (mol. %) 68.75 72.6 71.2 69.4 64.8 68.8

Table 5.4: Results of the EDS analysis of the ferrite samples prepared from the
precursors solutions.

Sample Nominal Al-Y In-Y Ga-Y Sc-Y
Ba (mol. %) 6.25 7.0 6.9 8.6 6.0
Sr (mol. %) 6.25 5.1 6.5 5.2 7.3
Co (mol. %) 6.25 5.2 6.4 5.6 7.4
Zn (mol. %) 6.25 5.0 6.4 6.5 7.3
X (mol. %) 6.25 3.4 6.5 6.9 5.0
Fe (mol. %) 68.75 74.3 67.1 69.3 67.0

ml of the solution produced usually only 200-300 mg of the powder, which is the
quantitative limit for the XRF instrument used. Also, during the EDS we analyze
only certain grains that do not always represent whole volume of the sample.
Although the samples produced by citrate synthesis should be homogeneous, the
elemental composition of each grain is also affected by its contact with the air or
crucible during annealing (volatility and interdifusion). This effect can occur also
in the powder and ceramic samples, but since they were annealed in amounts of
approx. 5 g, their surface-to-volume ratio during the annealing was much lower,
and hence the interdiffusion effects should be weaker.

As in the powder and ceramic samples, we can notice Zn deficiency in the
XRF results. But since values found by the EDS analysis were closer to the
nominal composition, Zn content was not modified further if the XRD showed
formation of single phase Y ferrite. Similarly, in the case of In-Y solution, In
content determined by the XRF analysis was much lower than the expected one,
but In content from the EDS analysis was slightly higher than nominal. Again,
because this solution produced single phased Y-ferrite sample after annealing, we
did not modify the In content and we used this solution for preparation of the
thin film.

In the case of the Sc-Y solution, the use of the scandium acetylacetonate as the
scandium precursor led to higher scandium content than in the powder samples,
but the value 5 % is still lower than the expected one.
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5.2 Phase composition
Phase composition of the powder and ceramic samples was determined from

the powder X-ray diffraction using HighScore Plus software and evaluated quan-
titatively using Rietveld refinement method. We also compare the results with
the results of Mössbauer spectroscopy that can give us information about iron-
containing phases present in the sample.

The qualitative and quantitative analysis of the powder diffractograms were
complicated by the fact that the diffraction pattern of Y ferrite is quite complex.
Hexagonal structure has lower symmetry and hence more diffraction peaks than
for example cubic structures, and the cell parameter c is rather high, what means
that there are more reciprocal space nodes lying on the Ewald sphere. Moreover,
with higher quality of the measurements, Kβ peaks of the strongest reflections
complicate the pattern.

Similarly to the works described in the literature review, in different samples
we observed formation of M ferrite, W ferrite, Sr3Fe2O6, hematite, spinel and
BaFe2O4 phases in very low amounts usually around 1 weight %. Unlike the
other works, in the samples that were annealed in the oxygen atmosphere (c
samples) we have observed formation of a hexagonal non-stoichiometric phase
(BaSr)(FeCo)O3−x. In this compound the oxidation state of iron is higher than
III and it was described in different samples prepared by the annealing of iron-
containing systems at temperatures higher than 1000 ◦C in oxygen atmosphere
[72].

There were only two samples where the Y-ferrite content was less than 98
weight %; FeY (c) with 19 % of the M ferrite and 3 % of ZnFe2O4 spinel, and
InY (c) with 9 % of the M ferrite and 2 weight % of the (BaSr)(FeCo)O3−x phase.

In the Mössbauer spectra, we have found no minor phases except for the
sample FeY (c), where the content of the M ferrite calculated from the subspectra
intensities is 28 % (compare with 19 % from PXRD). In the case of In-Y (c)
sample, where there is 9 % of the M-ferrite visible in the diffractogram, no M-
ferrite was observed in the Mössbauer spectrum. This can be explained by the
broadening of the M-phase peaks due to the substitution of iron by indium in
the M-ferrite (the formation of In-substituted M-ferrites was described in many
works such as [51], [50]).

5.3 Structure refinement
Magnetic and magnetoelectric properties of hexagonal ferrites are strongly in-

fluenced by the distribution of different elements over the cation sites. Refinement
of the atomic occupancies in the substituted Y ferrites was therefore one of the
main goals of this work. For this purpose we have used powder X-ray diffraction
(PXRD), powder neutron diffraction (PND) and Mössbauer spectroscopy.

Each of these methods can give us different information about the occupan-
cies. In PXRD and PND, the structure factor depends on the atomic coordinates
and their scattering factors (Eq. 3.3). If multiple atoms are present in one crys-
tallographic site, the scattering factor of this site is calculated as an average of
scattering factors of the cations present in this site weighted by their occupancies.
Using the Rietveld analysis we are able to refine the atomic occupancies from the
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diffraction intensities.
Scattering factor of an atom in the X-ray diffraction is directly proportional

to its atomic number. In the neutron diffraction, this dependence is different.
Atomic scattering factors of relevant atoms are listed in Tab. 5.15.

From these values we can see that it is not possible to refine the occupancies of
both Fe and Co in the same site in the X-ray diffraction. For this reason, during
all simulations and refinements we have kept the Co content in the cation sites
fixed at the values listed in Tab. 2.4.

5.3.1 Rietveld refinement of the PXRD data
In the PXRD refinement, we have decided to focus on three compositions;

Fe-Y, Al-Y and In-Y, because Fe-Y later served as the structural model for the
substituted ferrites and in the Al-Y and In-Y ferrite we expected the highest
contrast.

Because there is only small difference between the XRD scattering factors of Fe
and Zn, we wanted to confirm that it is possible to refine the occupancies of zinc.
In FullProf, we have simulated PXRD patterns for three different situations:

• Zn atoms are present only in the T-block tetrahedral site (6cIV*)

• Zn atoms are evenly distributed over both tetrahedral sites

• Zn atoms are present only in the S-block tetrahedral site (6cIV)

Simulations

Occupancy model with Zn atoms present in both tetrahedral sites can be
found in Tab. 5.6. The results of these simulations are shown in Fig. 5.2, where
the purple line represents the difference between the patterns for Zn in T-block
tetrahedral sites and for Zn in S-block tetrahedral sites only.

A detailed view of the simulation is then given in Fig. 5.3. We can see that
while the intensity of the (113) diffraction increases with increasing amount of
Zn in the T block, the intensity of the 116 diffraction decreases.

Similar simulations for different distributions of Al over the cation sites have
also shown that the intensities of different diffractions vary with cation distribu-
tion, as can be seen in the detail of the simulation in Fig. 5.4.

From these simulations we have found that the influence of the atomic occu-
pancies on the powder X-ray diffraction intensities is significant and has opposite
sign for different diffractions, which means that their refinement in our samples
is possible.
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Figure 5.2: Simulated diffraction pattern for statistical distribution of zinc over
the tetrahedral cation sites (top) and the difference between the simulated pat-
terns for zinc atoms present in T block only and S block only, multiplied by two
(bottom)
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Figure 5.3: Detail of simulation of diffraction patterns for the Fe-Y sample with
different distribution of zinc atoms in the tetrahedral sites.
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Figure 5.4: Detail of the simulated diffraction pattern of Al-Y with Zn in S block
only with different distribution of Al over the cation sites
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Fe-Y Refinement

In the Fe-Y structure we have refined lattice parameters, instrumental para-
meters – sample displacement and zero shift of the detector, background points,
Cagliotti profile parameters and asymmetry parameters. After refinement of the
profiles we have refined the atomic positions with fixed isotropic thermal para-
meters. At the end, we have refined the Zn occupancies with constrained site
multiplicity and stoichiometry, and finally isotropic thermal parameters of all
cations.

The results of the refinement are listed in Tab 5.5, 5.6, 5.7 and 5.14, and in
Fig. 5.5 and 5.6.

Figure 5.5: Powder X-ray diffraction of Fe-Y ferrite; red line represents the data,
blue line Rietveld fit and green line represents the difference between the observed
and calculated values.
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Table 5.5: Agreement indices of the structural refinements of Fe-Y, Al-Y and In-Y
from the XRD

Rp Rwp Rexp χ2 η U V W
Fe-Y (p) 1.81 2.81 1.34 4.40 0.61 0.0140 -0.0060 0.0039
Al-Y (c) 1.81 2.68 1.31 4.21 0.78 0.0238 -0.0028 0.0033
In-Y (p) 2.38 3.07 2.89 1.13 0.55 0.0303 -0.0051 0.0053

The crystal structure of the Y ferrite is complex with many atomic sites, which
complicates the refinement and leads to the higher agreement indices. Although
the χ2 of the Fe-Y refinement is rather high, it is similar to the χ2 found in the
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literature. In the Rietveld refinement of various substituted Y and Z ferrites for
the PDF database [23], reported χ2 values were between 2 and 5.

Another reason for the higher χ2 value could be a higher quality of the data.
This effect is known as the “overcollected” data and occurs when small imper-
fections in the structural model are large compared to the statistical error [74].
Since our data was collected for 30 hours, the statistical error is rather low and
the effect of overcollection can be this case. The diffractogram contains Kβ pe-
aks of the strongest reflections that the FullProf software does not include in
the calculations and there are also minority phases peaks that could cause the
increase of the R factors.

The visual control of the diffractograms still shows some differences between
the calculated and measured profile. These differences can not be attributed to
the preferential orientation of the samples. Although the Y ferrite crystals usually
grow in the platy habit, the sample holder should prevent their orientation during
the sample preparation. More importantly, when there was a clear difference in
the observed and calculated intensity of 107 or 015 reflection, 2014 and 0210
reflections were fitted with no such differences.

The isotropic thermal parameters B were fitted after the atomic occupancies
and reached values similar to 1. The thermal parameters of oxygen were not
refined, because of the low scattering factor of oxygen and high complexity of the
crystal structure.

In Tab. 5.6 we can see the starting occupancy model on the left. We can see
that after the refinement all Zn atoms are present only in the 6cIV site of the
S-block. This result is in agreement with different works on similar ferrites that
showed clear preference of zinc for the S-block tetrahedral sites (see Tab. 2.5).

As we have already mentioned, the Zn/Fe occupancies of the tetrahedral sites
were refined with the constrained stoichiometry and the site multiplicity. Without
these constraints, the fit reached strong divergence with unreasonable parameters.

Table 5.6: Cation occupancies from the structure model used for the simulations
(Zn in both tetrahedral sites) and as the starting model for the Fe-Y refinement
(left). Refined Zn/Fe occupancies in the Fe-Y sample are on the right.

Starting model Refined values
Position Fe Co Zn Fe Co Zn
6cIV* 4.5 0.0 1.5 6.0 0.0 0.0
6cIV 3.7 0.8 1.5 2.2 0.8 3.0
6cVI 6.0 0.0 – 6.0 0.0 –
3bVI 2.9 0.1 – 2.9 0.1 –
18hVI 16.2 1.8 – 16.2 1.8 –
3aVI 2.7 0.3 – 2.7 0.3 –

Sum atom 36 3 3 36 3 3

Presence of the zinc in the tetrahedral site of the S-block can be also demon-
strated by the bond valence (BV) values listed in Tab. 5.7. Since the iron atoms
present in this site have the lowest valence, we can expect that there will be lower
probability of their presence in this site. Similarly, slightly lower BV value for
cobalt can be observed in the 18hVI site, which has higher probability of the Co

49



presence. The distortion values are very low, except for the third position, 6cVI,
as was reported in the literature.

Table 5.7: Polyhedra distortion values and bond valences (BV) for metal cations
in Fe-Y sample. – means that the cation is not present in that site.

Position Distortion (10−4) BV (Fe) BV (Co) BV (Zn)
6cIV* 2.31 2.7 – –
6cIV 0.42 2.5 2.1 2.1
6cVI 57.6 3.0 – –
3bVI 0.0 3.0 2.5 –
18hVI 0.58 2.9 2.4 –
3aVI 0.0 3.2 2.6 –

Al-Y and In-Y ferrites

The reasons for choosing to refine these two ferrite composition were the higher
Fe – Al and In – Fe scattering factor differences when compared to the differences
between Fe and Ga and Fe and Sc. Another reason was their magnetic order; as we
will describe later, Al-Y sample is one of the samples with non-collinear magnetic
structure, structure of the In-Y is collinear.

As we can see in Tab. 5.5, the χ2 value of the Al-Y refinement is slightly lower
than that of Fe-Y refinement. However, the value for the In-Y sample is much
lower. The Rp and Rwp factors are higher than for the previous samples, but
the expected R factor increased significantly. This confirms the hypothesis of the
overcollected data, because the PXRD of this sample was measured for shorter
time (counting per step 100 s instead of 1500 for the other samples). Visual control
of the refinements did not show any significant differences. Graphical results of
the refinements are not reproduced here, because they are very similar to the
results of the Fe-Y refinement.

Table 5.8: In the starting model for the occupancies refinement in the Al-Y
structure we assumed equal distribution of Al over all the cation sites. On the
right, we can see the results of the refinement.

Starting model Refined values
Position Fe Co Zn Al Fe Co Zn Al
6cIV* 5.50 0.00 0.00 0.50 5.77 0.00 0.23 0.00
6cIV 2.01 0.81 3.00 0.18 2.43 0.81 2.77 0.00
6cVI 5.50 0.00 – 0.50 5.27 0.00 – 0.73
3bVI 2.63 0.13 – 0.24 1.56 0.13 – 1.31
18hVI 14.86 1.79 – 1.35 15.32 1.79 – 0.88
3aVI 2.50 0.27 – 0.23 2.35 0.27 – 0.38

Sum atom 32.99 3.00 3.00 3.00 32.70 3.00 3.00 3.30

After refinement of the profile parameters and the atomic positions, we have
refined the occupancies of aluminium in all positions, using the model listed
in Tab. 5.8, with constrained site multiplicity. That means that when the Al
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occupancy in certain site increased, the iron occupancy has decreased. Reasonable
stoichiometry was controlled by adding restraint that allowed only small changes
in the total sum of the aluminium atoms. The refinement has shown that all Al
atoms are present only in the octahedral sites, as was also reported in [48]. Most
of the aluminium is present in the 3bVI site of the S-block, in the 3aVI site of the
T block there is only 10 % of Al. Further refinement of the Zn occupancy showed
presence of less than 10 % of Zn in the 6cIV* site of the T block.

Table 5.9: Polyhedra distortion values and bond valences (BV) for metal cations
in the Al-Y sample. – means that the cation is not present in that site.

Position Distortion (10−4) BV (Fe) BV (Co) BV (Zn) BV (Al)
6cIV* 16.0 2.5 – 2.2 –
6cIV 7.01 2.6 2.1 2.2 –
6cVI 30.8 2.6 – – 1.8
3bVI 0.0 3.2 2.7 – 2.2
18hVI 8.31 3.3 2.8 – 2.3
3aVI 0.0 3.0 2.5 – 2.1

Bond relations and the polyhedra distortion values of this sample shown in
Tab. 5.9 are rather different from the Fe-Y refinement. Distortion in the third
position has decreased, but in the first position 6cIV* it has increased and in the
second and fifth position it has appeared. This has caused changes in the bond
valences of the cations, e.g. increase of the BV of cobalt in the fifth position. The
size of the third position 6cVI has increased, as can be seen from the decrease of
the iron valence in this site from 3.0 to 2.6. The lower Al valences in the third
and sixth site correspond to the lower occupancy values in these sites, since the
preferred valence state of Al is 3.

Table 5.10: Starting structure model for the In-Y sample was the same as for the
Al-Y, with In present in all cation sites. Refined occupancies are on the right.

Starting model Refined values
Position Fe Co Zn In Fe Co Zn In
6cIV* 5.50 0.00 0.00 0.50 6.00 0.00 0.00 0.00
6cIV 2.01 0.81 3.00 0.18 1.93 0.81 3.00 0.26
6cVI 5.50 0.00 – 0.50 3.47 0.00 – 2.53
3bVI 2.63 0.13 – 0.24 2.87 0.13 – 0.00
18hVI 14.86 1.79 – 1.35 16.21 1.79 – 0.00
3aVI 2.50 0.27 – 0.23 2.38 0.26 – 0.37

Sum atom 32.99 3.00 3.00 3.00 32.86 2.99 3.00 3.15

Occupancy refinement of the In-Y sample has given different results (Tab.
5.10). There is low amount of indium present in the tetrahedral 6cIV site of the
S-block and almost all In is in the octahedral 6cVI site. No zinc is present in the
first position, unlike in the Al-Y sample.

Polyhedra distortion values in Tab. 5.11 have decreased, the distortion of the
third position has again increased, but did not reach the value observed in the
Fe-Y sample. Cation valences have reasonable values, high BV values of In are

51



Table 5.11: Polyhedra distortion values and bond valences (BV) for metal cations
in the In-Y sample. – means that the cation is not present in that site.

Position Distortion (10−4) BV (Fe) BV (Co) BV (Zn) BV (In)
6cIV* 0.17 2.5 – – –
6cIV 1.15 2.8 2.3 2.4 4.1
6cVI 44.2 2.6 – – 3.8
3bVI 0.0 2.7 2.2 – –
18hVI 2.59 2.9 2.4 – –
3aVI 0.0 3.0 2.5 – 4.4

caused by its size. Similarly to the Al atoms, when only few atoms with different
radius are present in certain site, they affect its size only slightly. The smaller Al
atom is surrounded by fewer ligands, the larger In by more ligands, which leads
to decrease or increase in the bond valence compared to their standard value,
respectively.

5.3.2 Rietveld refinement of the powder neutron diffracti-
on

The neutron diffraction was measured at two different temperatures. The
high temperature measurements were done at 550 K, because this temperatu-
re is higher then the Curie temperature of the Fe-Y sample and TC of the other
samples is lower. The samples are in the paramagnetic state at this temperature,
and we can refine the instrumental parameters and the structure without the
magnetic contribution. After that, magnetic structure is refined from the data
collected at the room temperature.

Results of the refinements are in Tab. 5.12 and 5.13. We do not show the results
of the RT refinements for the Al-Y and Ga-Y samples, because their magnetic
structure is modulated and we were not able to refine it so far.

Table 5.12: Agreement indices of the structural refinements of Fe-Y, Al-Y and In-
Y from the neutron diffraction at room temperature and at higher temperatures

Temperature Rp Rwp Rexp χ2 η U V W
Fe-Y (p) 550 K 3.64 4.80 2.31 4.31 0 1.01 -0.98 0.36
Al-Y (c) 550 K 2.97 3.77 2.52 2.24 0 1.01 -0.98 0.36
Ga-Y (p) 550 K 3.56 4.55 2.77 2.70 0 1.01 -0.98 0.36
In-Y (p) 700 K 2.81 3.60 2.49 2.09 0 1.01 -0.98 0.36
Sc-Y (p) 550 K 3.49 4.40 2.43 3.29 0 1.01 -0.98 0.36
Fe-Y (p) 300 K 3.62 4.65 2.55 3.32 0 1.01 -0.98 0.36
In-Y (p) 300 K 2.84 3.59 2.50 2.06 0 1.01 -0.98 0.36
Sc-Y (p) 300 K 3.36 4.26 2.81 2.29 0 1.01 -0.98 0.36

The refinements produced rather low χ2 in all cases, with reasonable bond
valence values of iron. The distortion parameters and bond valences of the Fe-Y
and In-Y samples are in good agreement with the distortion values and bond
valences refined from the PXRD (Tab. 5.7 and 5.11). The largest difference is
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between the distortion value in the third site of the In-Y sample, where PXRD
refinement gave value 44.2 and PND gave 51.2 and between the valence of the
second site (6cIV) of the Fe-Y sample, where from the PXRD refinement we have
obtained value 2.5. Also, PXRD has shown no distortion on the fifth site of Fe-Y
ferrite.

Table 5.13: Polyhedra distortion values (D) and bond valences (BV) of iron in
the Fe-Y, In-Y and the Sc-Y sample from the Rietveld refinement of the room
temperature PND measurement.

Sample Fe-Y In-Y Sc-Y
Position D (10−4) BV (Fe) D (10−4) BV (Fe) D (10−4) BV (Fe)
6cIV* 0.93 2.7 0.19 2.7 0.34 2.7
6cIV 1.22 3.7 1.18 2.6 2.50 2.6
6cVI 56.6 2.8 46.5 2.5 51.2 2.6
3bVI 0.0 3.0 0.0 2.9 0.0 3.0
18hVI 4.49 2.9 4.45 2.9 3.16 2.9
3aVI 0.0 3.1 0.0 2.8 0.0 2.9

In Tab. 5.14 and Fig. 5.6 we can see the final lattice parameters refined by
the Rietveld method. We list also the parameters of the (c) samples that were
measured for shorter time in shorter 2θ range. Because of the lower data quali-
ty and low amount of the sample we did not refine their structure and atomic
occupancies, but we were able to refine their lattice parameters.

Table 5.14: Lattice parameters a and c of the powder samples estimated from
Rietveld refinement of PXRD data (left) and neutron diffraction data collected
at room temperature (right).

Lattice parameter aXRD (Å) cXRD (Å) aND (Å) cND (Å)
Fe-Y (c) 5.8615(2) 43.4573(2) – –
Fe-Y (p) 5.8603(1) 43.4742(6) 5.8631(2) 43.4911(16)
Al-Y (c) 5.8434(2) 43.3034(18) – –
In-Y (c) 5.8982(1) 43.6906(4) – –
In-Y (p) 5.8989(1) 43.7272(6) 5.8990(2) 43.7401(15)
Ga-Y (p) 5.8564(2) 43.4075(22) – –
Sc-Y (p) 5.8763(1) 43.6396(9) 5.8794(2) 43.6678(16)

Lattice parameters obtained from the PXRD and PND are in good agree-
ment, as can be seen in Fig. 5.6. They increase with the increasing ionic radius
of the substituting element X, as can be expected from the Végard law. There is
a deviation from the linear dependence of the a lattice parameter of Sc-Y (blue
circles from the PXRD, green circles from the PND), with value lower than ex-
pected. It can be easily explained when we remember that there was a significant
deficiency of Sc in the samples. The parameter c, however, is not affected by the
Sc deficiency and follows the Végard law.

In order to determine atomic occupancies from the neutron diffraction, we
have used another approach as in the PXRD refinement. As can be seen in the
Tab. 5.15, the scattering lengths of Fe and Co are very different. If we use only
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Figure 5.6: Lattice parameters a (circles) and c (diamonds) from X-ray and from
the neutron diffraction.
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these two metals in the structure model and refine the occupancy without any
constraint, we obtain the average scattering length on each position. The results
are shown in Fig. 5.7.

Although we are going to compare the occupancies calculated from the me-
asurements done at 550 K with the room temperature PXRD refinements, it
is not important, because these temperatures are not high enough to cause the
reorganization of the cations within the structure.

The black line represents the scattering length value of Fe. First of all we can
notice that there are only three cases when the scattering length is higher or close
to that of iron, one in the Ga-Y sample that probably represents 3aVI site without
substitution and two sites in the Sc-Y sample that indicate the presence of Sc in
these two sites.

The light green line that represents the T-block tetrahedral site is almost
constant for the Fe-Y, Sc-Y and In-Y sample. Since the scattering length is slightly
lower than that of pure iron, we can assume that there is either some Zn or some
Co in this site. f in this site is lower in the Al-Y, which corresponds to presence
of Zn in this site observed by the XRD and even lower for the Ga-Y sample.

The dark green line represents the S-block tetrahedral 6cIV site, with the
highest substitution. In this site we assume the highest Zn and rather high Co
content, which agrees with the lowest scattering length value of all the sites.

The site with the largest distortion 6cVI is represented by the blue line. Its
scattering factor in the Fe-Y sample is close to that of iron, in agreement with the
assumption that there is no cobalt or zinc present in this site. Slight decrease in
the Al-Y sample agrees with the XRD result that 12 % of the site is substituted
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by aluminium. However, in this case the average neutron scattering length on this
site should be 8.7 instead of 9.1 and hence the aluminium content is probably
even smaller. From the PXRD refinement we have found that indium in the In-Y
sample is mostly present in the third site. This is confirmed by the strong decrease
of the scattering factor on this site to the value close to the 6cIV site. In the case
of Sc-Y the scattering length has increased, indicating presence of scandium in
this site.

Figure 5.7: Values of the scattering length on different cation sites in powder
samples estimated from the Rietveld refinement of the neutron diffraction data
measured at 550 K.
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Table 5.15: X-ray and coherent neutron scattering factors for relevant atoms.
*Scattering factors in the XRD are expressed only as the atomic numbers.

Atom Fe Co Zn Al Ga In Sc
fXRD* 26 27 30 13 31 49 21
fND(fm) 9.45 2.49 5.68 3.45 7.29 4.07 12.29

3bVI site (red line) of the Fe-Y, Sc-Y and In-Y samples shows f values close
to 9, same as in the first site. This site does not contain zinc and we are able
to estimate that approximately 6.5 % of this site is occupied by Co. Using the
value from the literature (Tab. 2.4), we obtain similar value: 4.5 %. In the Ga-Y
sample we can see a strong decrease to f ≈ 8. If we assume that no Zn is present
in the octahedral sites and that the amount of Co in this site is similar to that
in the Fe-Y sample, we can calculate that approx. 46 % of the site is occupied
by Ga. The decrease is stronger in the Al-Y sample (Al has very low scattering
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length), where the substitution of the site by Al was 44 % calculated from the
XRD. In the ND refinement, again if we assume the same Co content as in the
Fe-Y sample, the substitution of the 3bVI site is 33 %.

The purple line represents the 18hVI position. The probability of Co presence
in this site reported in the literature is 20 % and from our ND results we can see
that its scattering length is lower. There is slight decrease in the case of the Ga-Y
and Al-Y samples when compared to the other samples, which is in agreement
with presence of low amount of Al in this site.

Finally the yellow line represents the 3aVI site, which contains low amount of
Co in the Al-Y, Ga-Y and Fe-Y samples, but probably higher amount of Sc and
In in the Sc-Y and In-Y in this site.

In conclusion, the Rietveld refinement of the powder neutron diffraction of
the powder samples confirms the findings of the XRD and shows that:

• Zn has strong preference for the S-block tetrahedral site,

• Al prefers the sites no. 3, 4 and 5,

• Ga preferences are similar to those of Al,

• In strongly prefers the site no. 3,

• and Sc prefers the sites no. 1, 3 and 6.

Magnetic structure refinement

In Fig. 5.8 we can see the powder neutron diffractogram of the Fe-Y sam-
ple with calculated profiles. The yellow line represents the calculated structural
contribution, the black line represents the contribution of the magnetic phase.

The magnetic scattering length depends on the size of the magnetic moment
and decreases with the diffraction angle, faster than the structural contribution.
If we compare the low-angle region of the RT measurement of the Fe-Y in Fig.
5.8 with the measurement of Ga-Y sample at room temperature (Fig. 5.9 right),
we can see additional peaks around the 012 reflection of the Ga-Y ferrite. These
peaks could be either (012 ±δ) satellites, what would mean the modulation of the
magnetic structure, or can be the structural peaks of impurities in the sample.
However, high temperature diffraction of the Ga-Y sample has shown no such
peaks, which means that its magnetic structure is modulated with propagation
vector that is not integer.

The same was observed in the diffractograms of the Al-Y sample, what could
be expected, since it is known [48] that its structure is non-collinear with non-
integer propagation vector. We were not able to determine the magnetic group of
these two ferrites so far, there are only two findings we have:

• Magnetic structure of the Ga-Y sample is different from the structure of
Al-Y

• Propagation vector ~k of the Ga-Y sample is exactly or close to (0, 0, 3/4),
the propagation vector of the Al-Y sample is double, exactly or close to (0,
0, 3/2).
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Figure 5.8: Powder neutron diffraction of the Fe-Y (p) sample measured at room
temperature with the magnetic and the structural contribution to the fit.
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From the magnetic structure refinement, we have found that Fe-Y, Sc-Y and
In-Y structures are collinear. The R-factors for the magnetic contribution are 3.88
for the Fe-Y, 3.86 for the Sc-Y and 2.97 for the In-Y structure, which are very
low values.

There are two possible magnetic orders in the collinear Fe-Y, In-Y and Sc-Y
samples, described by the Shubnikov group C2/m and C2’/m’. These two structu-
res differ from each other in the time-inversion operator. In both structures the
magnetic moments lie in the ab-plane, as is expected from the high magnetic ani-
sotropy, but in the C2/m structure the magnetic moments direction in parallel to
the b axis, in the C2’/m’ structure the direction of the moments is between the
a- and b-axis.

It is not possible to distinguish between these two groups using the powder
diffraction, since the crystallites are oriented randomly, but it would be possible
using single-crystal measurements. If we match the magnetic structure with the
crystallographic positions, we find that the first three positions (6cIV, 6cIV* and
6cVI) are spin-up oriented, the other three positions are spin-down oriented, as
was predicted by Gorter [16].

In Fig. 5.11 we can see the magnetic structure of the Fe-Y sample (only the
C2’/m’ structure is shown). We can see one difference between the Fe-Y and In-
Y samples. Fe-Y is fully collinear, but magnetic moments of the atoms in the
18hVI sites in the In-Y sample form a “wave”-like pattern – they contain a non-
zero component in the b-axis direction. The structure of Sc-Y is similar, with
smaller b-axis component than in the In-Y, but not fully collinear. This could
be connected with the changes in the polyhedra distortions on the fifth and the
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Figure 5.9: Powder neutron diffraction of the Ga-Y (p) sample measured at 550 K
(left) and at the room temperature (right) with the magnetic satellites (012±δ)
labeled.
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Figure 5.10: Two possible magnetic structures calculated from the neutron di-
ffraction of the In-Y sample viewed along the c-axis. C2’/m’ structure is on the
left, C2/m structure on the right.
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third cation site of the ferrites (Tab. 5.7, 5.9, 5.11, 5.13). For any conclusions,
however, the refinement of the Ga-Y crystal structure and magnetic structures of
both Ga-Y and Al-Y will be also needed.

In Tab. 5.16 we can find the refined values of the magnetic moments. The
maximum value that was found in these three samples, 3.41 µB could represent the
magnetic moment of the iron at the room temperature, without any substitution
on that site.

We can see that there is certain decrease of the magnetic moments of In-Y in
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Figure 5.11: C2’/m’ structure of the Fe-Y (p) sample calculated from the neutron
diffraction viewed along the b− and c−axis.
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Table 5.16: Magnetic moments on different sites in the C2’/m’ structure, as refined
from the powder neutron diffraction, and their sums. The fifth crystallographic
site contains two sets of magnetically unequal sites with multiplicity 12 and 6,
here denoted (a) and (b).

Fe-Y In-Y Sc-Y
6cIV* 2.49 2.51 2.16
6cIV 2.49 1.75 2.39
6cVI 3.41 1.84 3.11
3bVI 2.89 2.12 2.49

18hVI(a) 2.60 2.45 2.56
18hVI(b) 2.77 3.63 2.33
3aVI 2.39 1.99 1.48

µBtot f.u. 13.25 26.99 10.51
M (emu/g) 18.0 36.9 13.7

the sites no. 2, 3 and 6 when compared to the Fe-Y sample, and in the site no.
6 in the Sc-Y sample that are in agreement with the PXRD refinement and the
neutron scattering length refinement.

However, we could expect that the magnetic moment on the first tetrahedral
site in the Fe-Y sample will be much higher than the moment on the second
tetrahedral site, and that the moments on the 18hVI sites will be lower than the
moments of the fourth and sixth site due to the higher cobalt content. We have
not observed this, however, and for deducing the atomic occupancies from the
magnetic structure model we would need to use a low temperature or saturation
magnetization data.
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5.3.3 Mössbauer spectroscopy
As we have explained in the Section 3.1.2, in the Mössbauer spectra we can

expect six overlapping sextets with intensities corresponding to the Fe occupancy
of the corresponding cation sites.

In Fig. 5.12, we can see the spectrum of the Fe-Y sample with fit that consists
of six subspectra corresponding to the cation sites. The fit has a χ2 = 4.2 and we
can see that by this fit also the fine structure of the peaks was modeled. Similarly,
the χ2 value for the In-Y sample is 3.5. The χ2 value of the Al-Y refinement is
1.02, due to the lower measurement time that caused the lower quality of the
data. The results of the fit are listed in Tab. 5.17. Broad sextet that was used
for fitting of the profiles represents Gaussian distribution of the Lorentz profiles
with different hyperfine splitting; the hyperfine field distribution width is defined
as the FWHM of the Gaussian peak.

Figure 5.12: Mössbauer spectrum of the Fe-Y sample with all subspectra and
their attribution to the crystallographic sites.
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Since there are many parameters if we try to fit the spectra with 6 subspectra,
the refinements without constraints gave strong divergence or unphysical para-
meters. That is why we have constrained the width of each peak to have the same
value. The effects of the substitution on the Mössbauer parameters were not af-
fected by this approach, because there was still the hyperfine field distribution
width that was refined without constraints. Similarly, we have constrained the
subspectra intensities to have values proportional to the amount of iron in each
crystallographic site.

The section of this table called “Intensity” represents the area of the subspect-
ra as multiples of number 6, in order to demonstrate the number of iron atoms
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Table 5.17: Mössbauer parameters of the six subspectra of the Fe-Y, Al-Y and
the In-Y sample. D(BHF) denotes the distribution width.

Subspectrum 6cIV* 6cIV 6cVI 3bVI 18hVI 3aVI

ISO(mm/s)
Fe-Y 0.17 0.32 0.30 0.55 0.36 0.30
Al-Y 0.20 0.22 0.29 0.45 0.39 0.21
In-Y 0.22 0.35 0.25 0.53 0.31 0.39

EQ (mm/s)
Fe-Y -0.31 -0.08 -0.08 0.00 0.06 -0.52
Al-Y 0.14 -0.07 -0.29 0.56 0.02 -0.74
In-Y -0.18 -0.18 -0.19 0.08 -0.04 -0.24

BHF (T)
Fe-Y 34.73 28.14 43.12 33.56 38.87 37.81
Al-Y 36.00 18.46 30.00 29.37 37.09 37.39
In-Y 31.28 8.43 22.12 30.43 39.32 34.71

D(BHF) (T)
Fe-Y 6.37 9.36 3.21 4.64 6.17 3.46
Al-Y 6.55 21.00 7.66 6.35 8.20 4.66
In-Y 7.41 24.11 12.07 8.26 7.65 4.26

Intensity
Fe-Y 5.94 2.30 6 2.86 16.2 2.75
Al-Y 6 2.19 5.28 1.55 15.3 2.36
In-Y 6 1.93 3.47 2.88 16.2 2.38

present in corresponding crystallographic sites. In the first sample, Fe-Y, we have
expected that there is no Co or Zn present in the third site 6cVI. This site has
multiplicity 6 and it was used as a reference during the fit. We have fixed the
intensities of the other subspectra according to the Tab. 2.4, with Zn atoms only
in the tetrahedral sites. After fitting of the other Mössbauer parameters (isomer
shift ISO, quadrupole splitting EQ, hyperfine field BHF and the distribution width
of the hyperfine field D(BHF)), we have fixed the total intensity of the spectrum
and refined only the intensities of the tetrahedral sites. This has given us values
5.94 and 2.30 for the 6cIV* and 6cIV, respectively. Since the multiplicity of both
these sites should be 6 in case of no Co or Zn present in these sites, we can see
that there is very small substitution into the first site and that Zn is mostly pre-
sent in the S-block tetrahedral site. This is in agreement with the findings of the
PXRD.

In the refinements of the Al-Y and In-Y, we have used the results of the
PXRD Rietveld refinement. The intensities of the subspectra were calculated
from the amount of iron in corresponding sites determined from the PXRD and
were kept fixed during whole refinement. Fitting of the subspectra intensities led
to overfitting of the data with χ2 values lower than one, what happens when we
refine too many parameters and the program starts refining the noise [74].

The Isomer shift values allow us to differentiate between the cation sites. The
average isomer shift value for the high-spin iron in the tetrahedral coordination
is 0.20 mm/s (with α−Fe as standard), while for the octahedral coordination it
is 0.37 mm/s [64]. However, the presence of the highly electropositive barium
can lower the isomer shift value. The isomer shift decreases with the increasing
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electron density in the nucleus, which is increased in the vicinity of barium [65].
According to that, the isomer shifts of the T-block sites 6cIV*, 6cVI and 3aVI

should have lower values. In first section of the Tab. 5.17, we can see that iron in
the tetrahedral 6cIV* site has the lowest isomer shift in all samples. Isomer shift
on the S-block tetrahedral site is also rather low, as expected from its tetrahedral
coordination and the shifts of the other S-block sites are very high.

The quadrupole splitting values that should represent the electron density
asymmetry in the site are not correlated with the distortion values found by the
PXRD and PND (Tab. 5.7, 5.9, 5.11, 5.13). The third site with the highest distor-
tion has rather low quadrupole splitting in all samples, but the highest values we
find in the 3aVI site, sandwiched between the two barium containing layers. We
can then assume that the presence of the barium in the coordination polyhedron
has much stronger effect on the electron density distribution symmetry.

The Mössbauer spectroscopy can serve us as a useful indication of the mag-
netic field strength on different sites in order to understand the differences in the
magnetic order (collinear vs. spiral) in different ferrite compositions. From the
hyperfine fields we can see how the exchange interactions are influenced by the
substitution of the iron on certain sites. In the Fe-Y ferrite, the highest hyperfine
field can be found on the 6cVI site. This does not agree with the prediction of
Gorter, who expects the 6cIV*–3aVI interaction to be the strongest one. Since the
6cVI site probably contains no cobalt atoms and the width of the hyperfine field
distribution is the lowest on this site, it is possible that this site is less affected
by the zinc and cobalt presence.

We can find a connection between the assumed cobalt distribution and the
D(BHF) of the subspectra. Since Co2+ has 3 unpaired electrons and Fe3+ has 5, its
magnetic moment is lower and can affect the hyperfine field and its distribution.
The distribution on the second site can be attributed mostly to the Zn presence.
In the third site where we do not expect any Co atoms the distribution is very
narrow, the distribution of the fifth site with the highest Co content is almost
double.

The lowest hyperfine field on the second site is a result of low amount of
iron and high substitution by diamagnetic zinc in this site, what can be observed
also in the high hyperfine distribution width. In the Al-Y and In-Y samples we
observe a very wide hyperfine field distribution that could represent even collapse
of the magnetic sublattice on some atoms due to the dilution of the magnetic
interactions.

When comparing the hyperfine fields of the three samples, we can see that
there is strong decrease of the hyperfine field in the third position in Al-Y when
compared to the Fe-Y sample and some change also in the field on the fourth and
fifth site. The distribution widths have increased significantly, mostly in the third,
fourth and fifth position, what are the positions where the Rietveld analysis of
both PXRD and PND has shown the highest amount of aluminium.

The increase of the lattice parameter in the In-Y site has caused decrease in
all the hyperfine fields, except for the field on the fifth position that has increased
when compared to the Fe-Y ferrite. The hyperfine field on the third position has
strongly decreased and its distribution width has increased significantly, as we
could expect from the presence of the most of the indium in the third position.
The distribution on the fourth site has also increased, probably as the result of
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the indium presence in the S-block tetrahedral site. The distribution width on
the fifth site is lower as in the Al-Y sample, since there is no In present in this
site.

In conclusion, fitting of the spectra with six subspectra with fixed intensities
has given us the results where each subspectrum could be easily attributed to one
crystallographic site. The magnetic fields of the same sites are different between
the samples as a result of different cation substitution. There are parameters such
as the hyperfine field and the hyperfine field distribution width that are correlated
with the presence of the different cations on the corresponding sites. Quadrupole
splitting is probably affected by the position of Ba in the structure and cannot
give us further information about the polyhedra distortions.

At the end of the structure characterization, one question follows. What is
the difference between the samples with the collinear magnetic structure (Fe-Y,
In-Y, Sc-Y) and the Al-Y sample with the modulated structure?

• Site preference of the cations; Al prefers mostly site no. 4, in smaller extent
sites 3 and 5, for Ga it is similar

• Polyhedra distortion values in Fe-Y, Sc-Y and In-Y are similar, distortion
values in the Al-Y sample are lower for the site no. 3, higher for the sites
no. 1, 2 and 5

The authors in [48] suggested two reasons for the spiral magnetic order in
the Al-Y sample (see Section 2.5); presence of Al in the 6cVI site or decrease
of the polyhedra distortion in this site. Our findings agree with this hypothesis.
Aluminium and gallium are present in the site no. 3 and the distortion in the site
no. 3 is the highest for the Fe-Y sample and the lowest for the non-collinear Al-Y
sample. In the collinear structures, Sc and In are also present in the site no. 3
and their magnetic structures slightly deviate from the fully collinear one.

5.4 Magnetization measurements
In this section, we will describe the magnetic behavior of the samples at dif-

ferent temperature that can reveal possible magnetic transitions at low tempera-
tures or in the magnetic field. It can also confirm the results of the study of the
atomic occupancies.

In the following figures, magnetization dependence on the magnetic field
and/or temperature is given. We can see that all samples are very soft mag-
nets with almost zero remanent magnetization and narrow hysteresis visible only
at low temperatures. Values of the saturation magnetization at 100 and 300 K
and Curie temperature are given in Tab. 5.18. Remanent magnetization calcula-
ted from the magnetic structure determined by the PND is also given, but the
remanent magnetization is zero at room temperature. That is why we have added
magnetization values at the lowest measured magnetic field (100 or 390 Oe) for
comparison.

The Curie temperature of the Fe-Y sample is the highest, as can be expected.
However, it is interesting that the Curie temperature of the Sc-Y sample is higher
than TC of the Al-Y sample, because due to the higher lattice parameter its
superexchange interactions should be weaker.
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Table 5.18: Measured values of the saturation magnetization at 10 and 300 K
(in emu/g), magnetization measured at 300 K and Curie temperatures of the
samples.

Sample Fe-Y (c) Al-Y Ga-Y (c) In-Y (c) Sc-Y (c)
MS (10 K) 59.3 47.6 59.7 62.8 52.8
MS (300 K) 33.2 31.5 38.4 38.7 39.5

M100Oe (300 K) 14.0 – – – 22.6
M390Oe (300 K) – 3.90 15.1 22.0 –
Mr,calc (300 K) 18.0 – – 36.9 13.7

TC (K) 510 420 – – 500

The remanent magnetization calculations done using the magnetic structure
model from the neutron diffraction (see Tab. 5.16) are higher than the measured
value in case of Fe-Y and In-Y sample, in the Sc-Y sample they are lower. Because
the Y ferrites are very soft magnets and the comparison is done at rather high
temperature, these values serve only as illustration.

The saturation magnetization at 10 K shows interesting dependence on the
ferrite composition. Since we have substituted the iron by diamagnetic atoms,
we would expect decrease in saturation magnetization after substitution. This
happens in case of the Al-Y and Sc-Y, and the effect is strong only in the Al-Y
sample, where we observe decrease from 59.3 for Fe-Y to 47.6 emu/g. Compared
to the results of the PXRD and PND (Fig. 5.7), we see that this can be the result
of the preferential substitution of Al into the 3bVI site. Although we do not know
the exact magnetic structure of the Al-Y and Ga-Y at zero field yet, at the field
of 70 T we can expect the collinear ferrimagnetic structure similar to that of the
other ferrites [39].

In the ferrites with the collinear structure, the total multiplicity of the spin-up
sites is 18, total multiplicity of the spin-down sites is 24 (see Tab. 2.3). When
aluminium substitutes iron in the fourth (3bVI), spin down site, it lowers the
difference and hence the total magnetic moment of the structure. Gallium should
be present mostly in the fourth and fifth site, but its saturation magnetization
value is similar to that of Fe-Y, which means that there should be similar amount
of gallium in both tetrahedral sites (see Fig. 5.7, especially the decrease of the
scattering length in the first position).

In the Sc-Y sample, preference of scandium for the fourth and sixth site (both
spin-down) can be seen; its saturation magnetization value has decreased, althou-
gh not so much as in the Al-Y sample. The effect of substitution is very strong
in the In-Y sample, with almost all indium in the second and third site, what
causes decrease of the magnetic moment of the spin-up lattice and increase of the
saturation magnetization.

As the neutron diffraction has told us, Fe-Y, In-Y and Sc-Y samples are col-
linear ferrimagnets at room temperature and zero field. Magnetic measurements
(given in Fig. 5.13, 5.14 and 5.15) show that there seems to be no magnetic
transition at different temperature or higher magnetic field.

The magnetization curve of the Ga-Y sample in Fig. 5.15, however, shows
interesting round course with double hysteresis. This hysteresis can be caused by
the magnetic-field induced magnetic transition that occurs at different points for
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Figure 5.13: Magnetization curves of the Fe-Y (c) sample (left) and the Sc-Y (c)
sample (right).
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Figure 5.14: Temperature dependence of the magnetization of Fe-Y (c) (left) and
Sc-Y (c) (right).
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increasing and decreasing field.
The magnetic behavior can be visible better if we plot the magnetization curve

in logarithmic scale (Fig. 5.16). When compared to the magnetization curve of
In-Y, Ga-Y sample shows two saddle points instead of one. The first is present
also in the other samples, but the second one at approximately 0.5 T can be a
sign of a magnetic transition.

Figure 5.15: Magnetization curves of the Ga-Y (c) sample (left) and the In-Y (c)
sample (right).
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Finally, Al-Y sample (Fig. 5.17) shows clear magnetic transition at temperatu-
res from 100 to 300 K and the hysteresis curve looks very similar to that reported
in literature [46]. The temperature dependence of magnetization shows a peak
at approximately 370 K that could represent the transition into the collinear
magnetic state.
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Figure 5.16: Magnetization curves of the Ga-Y (c) sample (left) and the In-Y (c)
sample (right) expressed in the logarithmic scale.
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Figure 5.17: Magnetization curve of the Al-Y (c) sample (left) and the tempera-
ture dependence of Al-Y magnetization (right).
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5.5 Dielectric measurements

In the works described in the literature review ([41], [39]) the conductivity
of the samples allowed or prevented the observation of the magnetoelectric ef-
fect. We have shown that the Al-Y and Ga-Y samples have modulated magnetic
structure and that they show signs of magnetic transitions at higher magnetic
fields. In order to find out if these samples are magnetoelectric, their resistivity
must be high. Our samples were prepared according to the procedure of Chai. et
al. [41] and we have measured their conductivity in wide temperature range. The
conductivity measurements for two selected samples are given in Fig. 5.18 and
5.19, the results for the other samples are very similar.

Figure 5.18: Temperature dependence of the real part of the electric conductivity
of the Fe-Y (c) sample measured at different frequencies.
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The values of conductivity increase with increasing temperature, at the room
temperature the conductivity of the Ga-Y sample is 3.2 ·10−8 S/cm, the conducti-
vity of the Fe-Y sample is 2.0 · 10−8 S/cm. As the only resistivity value we have
found in the literature, Chai [41] reported resistivity of 105 ρ · cm at 10 MHz. In
samples with such resistivity values he observed the magnetoelectric effect at the
room temperature.

For comparison, we have plotted the frequency dependence of the conductivity
for different temperatures (Fig. 5.20). The conductivity increases almost linearly
with the frequency. Since our conductivity at 1 MHz is less than 10−7 S/cm, we
can assume that at ten times higher frequency it will be still lower than 10−5 S/cm
and the observation of the eventual magnetoelectric effects should be possible.
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Figure 5.19: Temperature dependence of the real part of the electric conductivity
of the Ga-Y (c) sample measured at different frequencies.
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Figure 5.20: Frequency dependence of the real part of the electric conductivity of
the Fe-Y (c) sample measured at different temperatures.
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5.6 Thin films preparation and characterization

5.6.1 Film thickness
Film thicknesses measured using the AlphaStep stylus apparatus for each

precursor solution are given in the Tab. 5.19.

Table 5.19: Thickness of the Y type ferrite film prepared by deposition at Si at
3000 rpm after annealing at 750 ◦C (value calculated for one-cycle deposition
from the samples prepared by 10 cycles).

Thin film composition Fe-Y Al-Y In-Y Ga-Y Sc-Y
Thickness (nm per layer) 30 74 59 98 51

However, we must note that these films were prepared at different substrate
and at much lower temperatures, which are both important factors that influence
the film thickness. Also, while the films prepared on the SrTiO3 (STO) substrates
are crystalline, the films prepared on Si are most probably amorphous, which
means that they have higher volume.

5.6.2 XRD
One of the goals of this work was to prepare and characterize the thin films of

the Y ferrites of the same composition as the powder and ceramic samples. Using
the X-ray diffraction we can study:

• phase composition,

• crystallinity that depends on total volume of the crystallites and the amount
of defects,

• crystallite size,

• out-of-plane orientation of the crystallites,

• in-plane orientation

• and lattice parameters.

In the following figures, the results of the XRD analysis on the thin films are
shown. One set of graphs always belongs to one film composition, with the sample
prepared without the seeding layer on the left and with the M ferrite seeding layer
on the right. Upper figures of the set show θ−θ scans that were performed always
at the same conditions and are always plotted in the same scale. Thanks to that,
we can compare the absolute values of diffraction intensities between the bare
and M seed sample. Letters Y and M represent 00l reflection of the Y- and M-
type ferrite, respectively, letter S denotes Kβ reflection of the 111 plane of the
single-crystal substrate.

The black circles close to the most intensive 0015 diffraction of the Y ferri-
te represent the most intensive diffractions of the non-oriented fraction, 110 at
30.5◦ 2θ, 1013 at 32.0 and 0114 at 33.8◦ 2θ. In the addition, all of the θ− θ scans
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show presence of a strange “step” that is most probably caused by reflection of
the bremsstrahlung in the diffractometer (it was not observed in different instru-
ment). The figures below in the set show ϕ scans of the 119 planes of the films
and are plotted in counts per second (cps), again in the same scale.

Set of eight graphs in Fig. 5.22 contains omega scans of selected samples that
did not contain much M-phase impurities or non-oriented fraction visible in the
θ− θ scans. Omega scans were measured at two different ϕ angles (0 and 90◦) to
verify the symmetry of the c-orientation of the sample.

The rocking curves were composed of single peak only in the case of the Al-Y
films. In the Fe-Y and In-Y samples the rocking curves were composed of two or
more peaks – one wide (FWHM between 1 and 2 ◦ ω), one very narrow (FWHM
lower than 0.5 ◦ ω) peak and eventually additional peaks at different ω angle with
lower intensity.

Fe-Y films

Figure 5.21: X-ray diffraction of the Fe-Y samples: θ− θ (top) and ϕ scan (bot-
tom). Scales of the corresponding scans are equal.
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In θ − θ scan in Fig. 5.21 we can see that after very short annealing of the
sample, without the seeding layer only Y ferrite was formed. We can see all
diffractions that can be observed in this angle range: 003, 006, 009, 0012, 0015
and 0018 with the increasing diffraction angle. The diffraction intensities are
higher, what probably means that the bare sample has higher crystallinity than
its M seeding layer counterpart.

When compared to the ω scan (Fig. 5.22 on the right), however, we can clearly
see that the background is higher for the bare sample. ω scan of the bare sample
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contains three peaks, narrow with FWHM 0.26 ◦ that represents highly oriented
crystallites and wide with FWHM 2 ◦ (Tab. 5.20). There is also an additional
peak at 11 ◦ ω we were not able to attribute to any phase. This peak disappears
after rotation of 90 ◦ϕ. It is possible that it was formed due to the low quality of
the single-crystal substrate. The fraction of highly oriented crystallites is 31 %,
in the case of the M seed layer sample it is 60 %.

Table 5.20: Full width at half maximum (FWHM) of the ω scans of selected
samples. * denotes presence of more than two peaks in the scan.

Bare film M seed layer
Sample FWHM (◦ω) Peak area FWHM (◦ω) Peak area

Fe-Y 1050 ◦C 5 min 0.26 31* % 0.25 60 %
Al-Y 1050 ◦C 5 min 0.28 100 % 0.42 100 %
Al-Y 1100 ◦C 30 min 0.28 100 % 0.45 100 %
In-Y 1050 ◦C 5 min 0.26 71 % 0.26 22* %

Similarly, the ϕ scans show much higher background for the bare sample
that is caused mostly by fraction that is oriented randomly in the ab plane. Both
samples give ϕ scans with multiple maxima that could represent multiple in-plane
orientation of the crystallites.

Figure 5.22: ω scans of thin film samples: Al-Y (left) annealed at different tem-
peratures, Fe-Y and In-Y (right) annealed at 1050 ◦C for 5 min

Table 5.21: Lattice parameter c and the crystallite size in vertical direction in the
thin films of Fe-Y ferrite.

Sample Temperature Time c (Å) Crystallite size (nm)
Bare 1050 ◦C 5 min 43.46 ± 0.11 21 ± 2

M seed 1050 ◦C 5 min 43.43 ± 0.11 15 ± 9

The approximate crystallite size calculated using the Scherrer equation and
the lattice parameters calculated from the peak positions are listed in Tab. 5.21.
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The crystallite size values represent only the size in the 00l direction, however,
since 00l diffractions were the only diffractions we could use. The crystallite size
is slightly higher for the bare sample, the uncertainty is very high, however.

Lattice parameters of the samples are similar. When compared to the theo-
retical value 43.44 Å1 and the values obtained by Rietveld fitting of the powder
samples 43.457 and 43.474 Å, these values lie within statistical uncertainty. That
way, we cannot study the presence of a strain in the sample, we can only assume
that the films are probably relaxed due to their higher thickness.

In conclusion, after preparation of the Fe-Y sample at lower temperatures,
Y ferrite with good crystallinity and rather good c-axis orientations was formed
without the seeding layer, but its in-plane orientation was poor. After use of the
M ferrite seeding layer, the film crystallinity was very low, but the fraction of the
oriented crystallites was higher.

Al-Y films

Figure 5.23: X-ray diffraction of the Al-Y samples: θ− θ (top) and ϕ scan (bot-
tom).
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In the case of the Al-Y film composition, we can see an opposite trend com-
pared to the previous sample. The diffraction intensities of the bare sample are
significantly lower than in the M seed sample and the crystallites are much smaller
(Tab. 5.22). In the θ − θ scan of the M seed sample the 110, 1013 and 0114 di-
ffractions of the non-oriented fraction are scarcely visible.

The lattice parameters are slightly lower than the value 43.303 Å obtained by
the Rietveld fit of the powder sample, which again suggests the full relaxation of

1Value obtained from extrapolation between values in Tab. 2.2
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Table 5.22: Lattice parameter c and the crystallite size in vertical direction in the
thin films of Al-Y ferrite.

Sample Temperature Time c (Å) Crystallite size

Bare 1050 ◦C 5 min 43.25 ± 0.02 65 ± 2 nm
1100 ◦C 30 min 43.24 ± 0.02 93 ± 8 nm

M seed 1050 ◦C 5 min 43.15 ± 0.05 374 ± 27 nm
1100 ◦C 30 min 43.20 ± 0.01 390 ± 27 nm

the samples. The number of peaks that could be used for the lattice parameter
calculation was very low, between two and six diffractions and hence they esti-
mation is not nearly as precise as the Rietveld refinement of the powder samples.
We would expect the lattice parameters to have similar values for different film
samples, because we have used the same precursor solution for their preparation.
However, the lattice parameter can change either due to the defects migration,
or changes in the elemental composition. The samples annealed for longer time
will have lower content of elements with higher volatility and the presence of the
seed layer can act as a barrier for the reaction between the film and the substrate
[56], [52].

The ω scans in Fig. 5.22 (left) show four rocking curves with flat background
that, unlike in the Fe-Y samples, can be fitted with single peak. Peak FWHMs
in the bare samples are lower than in the M seed samples (0.28 vs. 0.45 ◦ω,
see Tab. 5.20), but in the bare sample we can see only a moderate increase
of the maximum intensity from 4000 cps to 5000 cps after annealing at higher
temperature. The maximum intensity of the rocking curve in the M seed sample
increased more than two times after annealing the sample at higher temperature,
the peak FWHM increased slightly.

These results correspond with the results of the ϕ scans in Fig. 5.23, where we
can also see that the intensities of the peaks in the bare samples are lower than
in the M seed samples, but also that the background is lower. We can see that
the intensities of the ϕ scan of the bare sample have not increased after longer
annealing, similar as for the ω scans.

In the graphs we see 6 maxima separated by 60◦. However, the 119 plane
multiplicity is six, therefore we should see only three maxima separated by 120 ◦,
since we measure only one hemisphere of the pole sphere. This is an indication
of presence of the obverse/reverse twins in the sample, as was already observed
in the CSD method prepared Y ferrite thin films [57]. The same twinning can be
seen also in the M seed sample, together with additional maxima separated by
60 and 30◦ that represent different in-plane orientations of the grains.

In conclusion, pure Al-containing Y ferrite was prepared in the form of thin
film using both methods: preparation without and with use of the M seed layer.
The bare sample has lower crystallite size and shows lower diffraction intensities,
but its both out-of-plane and in-plane orientation are better than in the M seed
sample.
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Ga-Y films

The Ga-Y was the only composition where we were not able to prepare the
oriented thin film without the use of the seed layer. In the bare sample, as can
be seen in Fig. 5.24 on the left, a mixture of textured polycrystalline Y, M and
W ferrite with very low diffraction intensity was formed. The reason for this,
however, can not be only in the film composition, since the predicted lattice
parameter of the Ga-Y film is the closest to the Fe-Y ferrite that was already
prepared in the thin film form. The complications can be caused by the high film
thickness, as can be seen in the Tab. 5.19. The thickness of the Ga-Y films on the
Si substrate was two times higher than the thickness of the Sc-Y films and three
times higher than that of the Fe-Y films. That way, after one deposition cycle
the Ga-Y polycrystalline film that was formed as the intermediate phase was too
thick to break up to the isolated oriented grains and remained polycrystalline.

Figure 5.24: θ − θ scans of the Ga-Y samples.
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After the use of M seed layer, oriented Y-ferrite film was formed, although
the peak intensity (and hence the crystallinity) is still rather low and there are
also peaks of the non-oriented Y-ferrite present. The average crystallite size has
increased largely after the further annealing. In the diffractogram of the sample
annealed at higher temperature the peaks are very narrow and the size broadening
has almost no effect. The average crystallite size can not be calculated in this case,
because the Scherrer’s method can not be used for crystallites sizes ≈ 1µm [63].
Lattice parameter c of the M seed sample was higher than the value 43.41 Å
calculated from the powder sample.

Table 5.23: Lattice parameter c and the crystallite size in vertical direction in the
thin films of Ga-Y ferrite.

Sample Temperature Time c (Å) Crystallite size

M seed 1050 ◦C 20 min 43.51 ± 0.08 61 ± 16 nm
1100 ◦C 30 min 43.53 ± 0.09 > 500 nm

We have prepared out-of-plane oriented Ga-Y ferrite thin film with use of
the M seed layer, but we do not know anything about its in-plane orientation
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yet. The sample has high content of the randomly oriented Y ferrite and can
not be used for the further measurements. We expect the improvement of the
sample orientation after dilution of the precursor solution and optimization of
the annealing conditions. ω and ϕ scans will follow, if the quality of the sample
improves and if the magnetoelectric measurements of the Ga-Y ceramic sample
will show any interesting behavior.

In-Y films

Figure 5.25: X-ray diffraction of the In-Y samples: θ − θ (top) and ϕ scan (bot-
tom).
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Similarly to the Al-Y films, the diffraction intensities in the θ− θ scan in Fig.
5.25 are higher in the M seed sample. The average crystallite sizes (Tab. 5.24),
are similar with slightly higher values for the bare sample, the Rietveld lattice
parameters 43.69 and 43.73 Å of the ceramic and powder sample are slightly
higher than the lattice parameter of the thin film samples.

There is no difference between the rocking curves FWHM of the bare and M
seed sample in Fig. 5.22, but there is higher ratio of the c-oriented crystallites in
the bare sample and five peaks with slightly different orientation in the M seed
sample. The complicated shape of the M seed sample rocking curve suggests that
this can be caused by low quality of the single-crystal substrate, similarly as in
the Fe-Y bare sample. Finally, the ϕ scans of the bare sample show the same
six maxima as the samples before. The M seed sample, however, shows perfectly
random in-plane orientation of the film that changes only slightly after the further
annealing.
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Table 5.24: Lattice parameter c and the crystallite size in vertical direction in the
thin films of In-Y ferrite.

Sample Temperature Time c (Å) Crystallite size

Bare 1050 ◦C 5 min 43.64 ± 0.01 13 ± 1 nm
1100 ◦C 30 min 43.68 ± 0.02 21 ± 5 nm

M seed 1050 ◦C 5 min 43.55 ± 0.02 10 ± 1 nm
1100 ◦C 30 min 43.60 ± 0.01 17 ± 2 nm

Sc-Y films

Figure 5.26: X-ray diffraction of the Sc-Y samples: θ−θ scans and ϕ scan (bottom
right).
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In the case of the Sc-Y samples, the situation was again similar, with lower
crystallinity of the bare sample when compared to the M seed sample. There are
peaks of the M ferrite in overlap with the peaks of Y ferrite that may affect the
crystallite size calculation, and of course the calculation of the lattice parameter.
Lattice parameter of the powder sample of this composition was 43.64 Å.

This sample is the only sample where we have observed large amounts of the
M ferrite also in the bare film. When the bare sample was prepared again and
annealed for longer time, the crystallinity has improved and there were no M
ferrite peaks visible in the sample. The crystallites in the bare film annealed at
1100 ◦C for 30 min are also in-plane oriented, again with the obverse/reverse
twinning and rather high background corresponding to the crystallites that are
oriented randomly in the ab plane.

We do not fully understand why in the first preparation the film contained
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Table 5.25: Lattice parameter c and the crystallite size in vertical direction in the
thin films of Sc-Y ferrite.

Sample Temperature Time c (Å) Crystallite size

Bare

1050 ◦C 5 min 43.62 ± 0.04 22 ± 10 nm
1100 ◦C 5 min 43.67 ± 0.02 51 ± 19 nm
1050 ◦C 20 min 43.63 ± 0.06 12 ± 2 nm
1100 ◦C 30 min 43.63 ± 0.01 28 ± 6 nm

M seed 1050 ◦C 5 min 43.53 ± 0.03 13 ± 1 nm
1100 ◦C 5 min 43.67 ± 0.04 35 ± 5 nm

the M ferrite. Since we know that the formation of the Y ferrite occurs via M
ferrite formation, it is possible that for this composition the 5 min annealing was
not long enough for the transformation from M to Y ferrite to take place.

78



6. Conclusions
In this work we have described the preparation of the hexagonal ferrite series

with composition BaSrCoZnXFe11O22, where X=Fe, Al, Ga, In and Sc. The sam-
ples were prepared in the bulk and thin film form and their elemental composition
was close to the expected one in most cases.

We have refined the magnetic structures of the powder samples from the
neutron diffraction and found that the magnetic structure of Fe-Y ferrite is C2/m
or C2’/m’ and is fully collinear. The structures of the Sc-Y and In-Y ferrites
belong to the same group and show slight deviations from the fully collinear
order. We were not able to refine the magnetic structures of the Ga-Y and Al-
Y sample yet, but we know that they are modulated with propagation vector
~k ≈ (0, 0, 3/4) for Ga-Y and vector ~k ≈ (0, 0, 3/2) for the Al-Y sample.

Concerning the hypothesis formulated by Chun et al. [48], we have found
that there is indeed a significant amount of aluminium in the off-centered site
6cVI. The polyhedron distortion of this site has also decreased from 57.6 · 10−4

for unsubstituted Fe-Y sample to 30.8 · 10−4 for the Al-Y sample. We have also
observed an increase in the distortions of the sites no. 1, 2 and 5 in the Al-Y
sample when compared to the collinear Fe-Y. The decrease in the collinearity of
the structures can be connected to the decrease of the polyhedra distortion on
the third site, or increase of the distortion on the fifth site.

We have confirmed the preference of zinc for the S-block tetrahedral sites and
the site preferences of cobalt that were reported in literature. We have found that
aluminium and gallium prefer mostly the 3bVI site and that indium and scandium
prefer the 6cVI and 3aVI sites.

These findings were also confirmed by the Mössbauer spectroscopy, which
showed a decrease of the hyperfine field and an increase of the hyperfine field
distribution width of the sites with higher amount of substituting elements. The
isomer shifts and quadrupole splitting values were strongly affected by the vicinity
of barium.

Magnetization curves have showed a typical S-like shape in case of the Fe-
Y, In-Y and Sc-Y samples. The Al-Y magnetization curve showed a magnetic
transition at approximately 0.5 T, as was reported in the literature. Also in the
magnetization curve of the Ga-Y sample we have observed signs of a magnetic
transition. Additionally, Ga-Y showed double hysteresis at magnetic fields be-
tween 1 and 2 T.

The conductivity of our samples is low, more than one order of magnitude
lower than the conductivity reported in literature. This means that in the close
future we will be able to measure the magnetoelectric properties of the samples
that show indications of the magnetoelectric behavior: Al-Y and Ga-Y.

Finally, we have also prepared thin films with the same composition as the
bulk samples. These films have very good out-of-plane orientation and in many
cases they are also in-plane oriented. In all samples with the in-plane orientation
we have observed formation of the obverse/reverse twins.

In all samples except for the Fe-Y films, the M ferrite seeding layer helped
to increase the crystallinity of the samples. However, the crystallites in the bare
samples were usually oriented better. In the case of the Al-Y sample, the rocking
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curve FWHM was 0.28 ◦ for the bare sample and 0.45 ◦ for the M seed sample and
the background in the ϕ scan was lower. Since this material is magnetoelectric in
the single crystal form, the magnetic and magnetoelectric behavior of this thin
film sample should be studied in the close future.
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