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Abstract

The cation distributions in europium iron garnet EuszFes.<AlcO;2 series have not
been determined yet since they were synthesized and studied by Yamaguchi and Sakuraba
twenty years ago. In this thesis, the Fe-Al distributions over the octahedral (@) and
tetrahedral (d) sites in the europium iron garnet Eu3Pes-xA;1xO 1> series have been
determined by powder X-ray diffraction (XRD) and 57Fe Mossbauer spectroscopy C'Fe
MS). The 'Fe MS spectra are collected at temperatures above the Néel temperatures of
the studied samples and the cation distributions are derived from both the raw and
thickness-corrected MS specira. It is found that Al atoms occupy both the a and d sites.
Higher Al concentration in the d sites is interpreted as the evidence that Al atoms enter
preferentially the d sites due to the smaller size of Al ions compared with Fe ions. MS
gives more reliable results of the Fe-Al distributions than XRD, which could be ascribed
to the sensitivity of MS to the local environment around the iron nucleus at the specific

site.
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Chapter 1

Introduction

1.1 Garnet structure

The determination of a garnet structure was first made on natural minerals nearly
eighty years ago''l. The garnet structure has been widely studied in the last fifty yearsm.

Structural refinements were first carried out on synthetic yttrium iron garnet (YIG)

crystals®5!. It was established that garnets are cubic compounds that belong to the space
group la3d (0}°) containing 8 formulas with 160 atoms per unit cell’®!,

The general chemical formula of a garnet is {X3}[Y2](Z3)O12, where { }, [ ] and ()
represent eightfold dodecahedral (c sites), sixfold octahedral (a sites) and fourfold
tetrahedral (d sites) coordination, and X, Y and Z denote the cations in each particular
site, respective[y[7]. The arrangement of cations in the garnet structure is shown in
Fig. 1.1® and the co-ordination about one oxygen ion is shown in Fig. 1.280 Oxygen
atoms are situated in a general position with variable coordinates (X sites). Each A site is
at the corner of four polyhedra sites (one 4 site, one a site and two c sites), as shown in
Fig. 1.2. Each c site is surrounded by four c sites, four a sites and six d sites. Each a site
is surrounded by eight « sites at the corners of a body-centered cube, six d sites and six ¢
sites. Each cl;ites is surrounded by four d sites, four a sites and six ¢ sites!'”). The a and d
sites share corners to form a cubic framework structure. The X cations occupy c sites in

the channels within this framework. The special ¢, @ and d sites have no degrees of
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freedom; the & sites are general and therefore have three degrees of freedom. A
description of the sites occupied by the different ions is shown in Table 1.1.

It should be pointed out that the structure is amenable to substitution at the ¢, a
and d sites and a large variety of cations can be allowed in these positions. The primary
consideration of the site occupancy by cations is the ionic size. The ionic radius increases
with the coordination number. The large X cations include Eu’t, Ca**, Mn>*, Fe**, Mg**.
The intermediate-sized Y cations include Fe**, Cr¥, AI**, Ti**. The smaller Z cations are
Fe**, Si**, AP, Ti**!'! 2 This list is not exhaustive and many other cations may enter

the structure!’3.

Table 1.1. Description of the garnet structure.

Point symmetry 222 3 1 1
Space group position 24c 16a 24d 96h
Typical ideal formula {X5} (Y] (Z3) Oz
Coordination to oxygen 8 6 4

Type of polyhedron dodecahedron  octahedron tetrahedron

1.2 Properties of garnets

Generally, all physical phenomena characteristic of solids are in some way related
to their crystal structures. Here, the crystal structure does not only mean the symmetry of
the crystals, but also means the types of atoms and their specific arrangement in the
crystals. A lot of research has been done in the case of garnets. There is no doubt that any
special properties of garnets must be a direct consequence of the structure and the

particular ions in the crystals.



« Magnetic properties

There are three major types of magnetic ordering that are relevant to
garnets. They are ferromagnetic, antiferromagnetic and ferrimagnetic. The most
important garnets in industry applications are those that are ferrimagnetic, such
as ytrrium, rare earth and the substituted garnets. The study of those garnets
continues due to their wide range of technological applicaticns. For instance,
single crystals of yttrium iron garnet have been known to be applicable in the
microwave-device field!**!*); jon-implanted garnet films with large magneto-
optical effects can be developed into high-density memory devices because of

[16—18]

their large Faraday rotation and good corrosion resistance . Since the

discovery of the magnetic garnets in 1958, they have turned out to be the most

promising materials for magnetic devices, such as printers, memory devices

and many others!'*?%.

* Optical properties

Aluminum garnets have good optical properties. It is well known that
yttrium aluminum garnet (YAG) is the most important solid-state laser host
material. The Nd:YAG laser has been widely used in commercial, medical,
military and industrial applications since its discovery in 196411 Tron garnets are

transparent within the infrared region®. The magnetic optical effects in iron

garnets make them suitable for displaysm], printers[24], bubble applications[zsl,

gyrolasers® or optical-communication®).  Finally, silicon-doped iron garnets



have photoinduced effects which increase the potentiality of these materials in

solid-state devices8L

The thermal and elastic properties of garnets have also been studied™-% which
led to other industrial applications. For instance, the thermal properties of garnets are

very useful in the process of gamet growth®'l.

1.3 Purpose of this thesis

The europium iron garnets (EusFes. AlO)») were synthesized by Yamaguchi and
Sakurabal®. The lattice constants of these garnets were evaluated from X-ray diffraction
measurements, but their structure has not been determined®®. The magnetization
measurements have been made on the single crystals of this series®®?, but the assignment
of Al* to the a and/or d sites has not been determined yet. The cation distribution is
important for the preparation of magnetic materials with controlled properties. For
example, it is known that the substitution of nonmagnetic ions for iron changes the
magnetic moment by altering the difference in the number of magnetic ions in the a and d
sites in the yttrium iron garnet (YIG)B*3!. The neighboring cations of the central iron
ions have a substantial effect on the electric field gradient (EFG) at the Fe nucleus®®.
Therefore, one must know the cation distribution in a chemical formula for a calculation
of the EFG. The knowledge of the cation distribution also helps to understand the
growth of single crystals because the chemical composition can be related to the

temperature and pressure of the formation[*".



The determination of the cation distribution in the EusFes (Al O, serises is the
main purpose of this study. The second goal of this study is to carry out the refinement

of the crystal structure of this series.

1.4 Scope of the thesis

The thesis contains the research results from both powder X-ray diffractio-n (XRD)
at room temperature and Mssbauer spectroscopy (MS) methods in the temperature range
298-1023 K. The XRD patterns were indexed and crystal structure refinemernts were
carried out on the basis of the la3d space group. The MS data analysis and somes= relevant
methodological aspects are also discussed. The derived iron distribution from the two

methods have then been compared.



Chapter 2

Methodology

Many experiments show that no single technique is able to give the complete
cation distribution in the garnets and it is necessary to combine different techniquesm]. In
this thesis, two techniques are applied to the studied samples which are XRD and STFe

MS.

2.1 X-ray diffraction

2.1.1 Review of crystal diffraction

The extension of Fourier analysis to the periodic electron density function n(r)

leads to!**!

n(r) = Y. ng exp(iG 1), 2.1)
G

where G is the vector of a reciprocal lattice, r is the position of a lattice point and ng can

be derived from Eq. 2.1

ng =—— | dVn(r)exp(~iG 1) . 22)

C cell

The diffraction condition for a crystal is derived from the above definitions. The
incident radiation has a wave vector k. The scattered ray has a wave vector k' and
Ak = k’—k. Considering two volume elements r apart in a crystal, the difference of the

phase factor is exp[-iAk-r]. The scattering amplitude is defined ast!



F = [ dVn(r) exp(~ ik -r) 2.3)

=" [ dVng exp[i(G - Ak r]. (2.4)

When the scattering vector is equal to the reciprocal lattice vector Ak = G,
Eq. 2.4 yields F = Vng. If ng # 0, a constructive interference peak will show up at G. So,
Ak = G is the diffraction condition, which means that the set of reciprocal lattice vectors
G determines all possible diffraction peaks. If 28 is the angle separating incident and
diffracted beams, the diffraction condition leads to the following expression (Bragg's
Law)

2dp SInf = nA, 2.5)

where n is the order of diffraction. The condition for Bragg reflection is shown in

Fig.2.149,

ni=2dsin 0 Ak=k'—k=-G

Fig. 2.1. Diffraction by an array of point scatters may be considered as Bragg reflection
from planar arrays™0,



When the lattice cell is conventional instead of primitive, some values of ng in
Eq. 2.4 may be equal to zero. The peaks corresponding to zero-amplitude G’s would not
appear in the diffraction spectra. The set of conditions that determine the allowed and
forbidden Miller indices (hkl) are called the extinction rules for the crystals. Different
Bravais lattices have different extinction rules. For example, the sum of Miller indices #,
k and [ in a body-centered cubic lattice must be an even integer[‘m]. There are three types
of Bravais lattices in a cubic system. They are simple cubic [P(a)], face-centered cubic
[F(a)] and body-centered cubic [I(a)]. The lattice constant (the side length of the

conventional cubic cell}) is a.

The extinction rules of cubic structures™®

Simple cubic all a, k, [ allowed first reflection (100)

Body-centered cubic only h+k+/ even first reflection (110)
allowed

Face-centered cubic h, k, [ all odd or all even first reflection (111)
allowed

Crystal structures can be determined by diffraction of X-ray, neutron or electron
beams. The intensity distribution of the diffraction pattern is related to the Fourier
transform of the crystal structure™!!. The garnet structure belongs to the body-centered

cubic system.



2.1.2 Background and definitions in the Rietveld analysis

The Rietveld method was first reported at the Seventh Congress of the
International Union of Crystallography (IUCr) in Moscow in 19663, It has become
generally accepted for X-ray as well as neutron powder diffraction since 1977143431,

A crystal structure refinement is a fitting process to obtain the best fit between the
entire observed XRD pattern and the entire calculated pattern for the crystal structures,

diffraction optical effects, instrumental factors and other specimen characteristics™*®!. In

the Rietveld method, the fitting is done by using a least-squares method. Crystal

[46 [47]

parameters™®® and profile values!'*’! are optimized until the best agreement is obtained
between the observed and calculated intensities.

The basic idea about a least-squares analysis is to minimize the difference
between the calculated and observed values until the smallest residual Sy is obtained“®. In

the XRD pattern analysis, Sy is defined as
S, = z w; (yiu - yic).. ) (2.6)

where w; is equal to 1/y;, i, is the total observed intensity at the ith step, and y; is the

calculated intensity at the ith step.
An expression which describes the powder XRD pattern as a function of
parameters contributing to the intensities can be written as™*®!
I(k)=S-P-C, 2.7
where I(k) is the integrated intensity of the kth reflection, S represents all structure-

independent values, including the unit cell volume and 26-independent values, P

represents the product of all structure-independent but diffraction-angle-dependent

10



parameters and C represents the contribution from the crystal structure and sample
characteristics.

S can be defined as

e e

with intensity I [Jsec'm™] of incident beam, cross sectional area A [m?] of incident

beam, wavelength A [u], goniometer radius r [m], which is described in Chapter 3, po =
47x10"'m-kg-C?, charge of the electron e [C], mass of the electron m [kg], volume of a
unit cell V [m3], linear absorption coefficient u [m’l]. The value of § is usually
incorporated into the scale factor, being refined in the least-squares procedure.
P can be expressed as
P=L-p-D, (2.9)

where L represents the Lorentz factor

1 1
= o = =csc20-cscl , 2.10
2sin“@-cosf@ sin260-sinf ¢ ese ( )
p represents the polarization factor
1+cos®20_ -cos® 20

1+cos®26,

where 6,, is a monochromator correction term for diffraction angle 8. D is a correction

m

term for various divergence slit configurations.
The structure and sample-dependent expression C can be written as
2
c=PO,-M,|F| , (2.12)
(491

where POy is the simple preferred orientation correction in which the March algorithm

is applied, M, is the multiplicity of the kth reflection and Fj is the structure factor

11



expression with an anisotropic displacement factor matrix. Because the preferred

orientation produces systematic distortions of the reflection intensities, the intensity of a

kth reflection is corrected by the preferred orientation function™”!

» o, sinfo)?
PO« =(r' -cos? ot +—— ) , 2.13)
r
where r is an adjustable parameter since r only can be determined from the fit of the
intensities and « is the angle between the crystal plane (hkl) and the PO vector. The

structure factor is defined as™®

2 (i~ B b )]

F,=3f-0- , (2.14)
Jj=1

where f; is the scattering factor or scattering length of atom j, and Ay, r; and B; are matrices
representing the Miller indices, atomic coordinates and anisotropic displacement factors,
respectively.

A powder diffraction pattern of a crystal is a collection of individual reflection
profiles. Each profile has a peak height, a peak position, a breath, tails and an integrated
area. I(k) is proportional to the integrated area. Many Bragg reflections contribute to the
intensity y; observed at any arbitrarily chosen point i in the pattern. The basic philosophy
of a crystal structure refinement is to fit these parameters to give the best match with the
observed intensities. However, the fitted profiles from the least-squares process are still
not good enough compared with the real diffraction profiles. This is because the least-
square process does not consider the shape of a peak. In order to have a more reliable
fitting result, an error function G is applied to the calculated integrated intensities (e.g.

Gauss function) giving a distribution of intensities around the peak position*®. Thus, a

12



real reflection can be simulated. Because the G can be applied to each step intensity, the
least- squares parameters can be fitted based on step intensities and not only on integrated

intensities. This concept can be expressed astll

p2 ki
Yie =Y T 2 ZGipk T s (2.15)

P=pk=k,
where y;. is the net intensity calculated at point { in the pattern, y; is the background
intensity, Gi is a normalized peak profile function, I, is the intensity of the kth Bragg
reflection of phase p and k; ....k; are the reflections contributing to the intensity at point i.

The following are some symmetric analytical profile functions that have been

used™?:

a) Gauss Gy = Hﬁ-e-clxi , (2.16)
b) Lorentz = Hkn-fcox,i 7 2.17)
c) Pseudo Voigt Gy =7- Hkn»(‘{?cox,.i)dr(l"/)'Hﬁ'e-m{i . (2.18)
d) Pearson VII G, = F(F(i)%) ‘ ;j; (1+4c,x2)7 (2.19)
e) Voigt Gy =%§—E- Re{w({/C, X, +iC,H,, |- (2.20)

Here C, = 4, C; = 4In2, Cs> = 2'7-1, C; = 22, H, is the full width at half maximum
(FWHM) of the kth Bragg reflection, Xy = 26,—26, y is a refinable mixing parameter, I”

denotes the gamma function and w is the complex error function.

13



The dependence of the breadth H of the reflection profiles measured as FWHM
has typically been modeled as!
H? = Utan®6 + Vianb + W, (2.21)

where U, V and W are the refinable parameters.
The mixing parameter y is defined as
Y =" +7,-20+7,-(26)%, (2.22)
where 7,,7, and 7; are refinable parameters.
The background y; may be obtained by linear interpolation between reference

points or by refinement of the parameters in a function®*

s = 2, B.(26)". (2.23)

In order to make sure that the best fit of the entire calculated pattern to the entire
observed pattern has been obtained, one needs various criteria to make the judgment®®*.

Some often-used criteria are given as

>

yia —-yfc

R-pattern R, =S5, (2.24)
yia
2
R-weighted pattern R, = \/ 2% —,yk) , (2.25)
Z W;Yio
I,,—1
R-Bragg factor R, = —2"——'5"—1—“] , (2.26)
ko
-2
R-structure factor R, = ZK ZL: — ke ) ) (2.27)
ko

Here I, and I are the observed and calculated intensities assigned to the kth Bragg

reflection at the end of the refinement cycles , respectively.
14



The so-called goodness of fit indicator, S, is defined as

S R

= > =—= 2.28

S=V~n_p+c R’ (2:28)
N-P

R, = NP (2.29)
Zwiyiu

Here N is the number of steps, P is the parameter varied in the calculated model and C is

where

the applied constraints.
Among these R’s, Ry, is the most meaningful criterion from the mathematical
point of view because it represents the residual being minimized. It is also the best one

that reflects the progress of the refinement®”,

2.2 Theory of Mdssbauer spectroscopy

The Mbossbauer effect (ME) is alternatively known as a recoil-free nuclear
resonance emission and absorption. The phenomenon was discovered in 1958 by the
German physicist R. L. M&ssbauer, who was awarded the Nobel Prize for this work in
19605°1.

In a typical Mossbauer experiment, a y—ray source is set into slow oscillatory
motion relative to a sample under study. The sample can only absorb those 7y rays that are
appropriate to a transition between the nuclear energy levels in the sample material. As
the half-width of the y—ray line is fairly small (e.g., 4.9x10” eV for >’Fe), the probability
of the ME is very sensitive to even quite small energy changes. Such small changes occur

in the energy state of the nucleus as a result of interaction of the nuclear charge and
15



moments with the external environment (hyperfine interaction), such as the electron shell
and the other atoms of the crystal. For this reason, the source and absorber must have
identical atoms. If the source is moved at various velocities, the resonance can be created
with the aid of the Doppler effect’®”]. In general, a Mossbauer spectrum reflects the nature
and the strength of the hyperfine interactions. Most valuable chemical and physical
information can be extracted from the hyperfine interactions. The parameters that provide
such information are the isomer shift, the electric quadrupole splitting and the magnetic

hyperfine splitting.

2.2.1 Isomer shift

The nucleus is not a point charge; it has a finite radius and, in most cases, the
excited and ground states have different radii. Because of the Coulomb interaction of the
nuclear charge and the electron charge, the nuclear energy levels are slightly different in
atoms of different compounds.

The atomic nucleus can be considered to be spherical with a radius R. The
electron charge Ze is distributed homogeneously within it. At a distance r from the

center of the atomic nucleus, the electrostatic potential is given by

Z
V= —e', for >R, (2.30)
r
and by
Ze( 3 2
V’=—R£(5— 2;2), for r<R. 2.31)

16



As the s electrons with orbital quantum number /=0 also have a finite density within the
atomic nucleus, the energy state of the nucleus is affected by the charge originating from

the electrons in the sphere of radius R. On this basis, the energy shift of energy states can

be given ast>8!
I ) 4mpZe ¢(3 r* R),
OE = ' —V)amridr = = ——|ridr. 2.32
{pcv Yamrdr=""g {(2 2R’ r) r (2.32)
Therefore,
2 , 2T _ , 2,
8F =~ ZepR* =—Ze w(0)| R, (2.33)

where p ——-—-ell,(/(O)l2 is the charge density originating from the s electrons in the atomic

nucleus.

The atomic nuclei have different radii in the excited and ground states (R, # R, ),
and therefore 6E will also have different values in these states. The difference between

the two 6E’s can be written as

w(O)|" (R2 -R?). (2.34)

2r _
5Ee —5Eg =—5—Ze'

Méssbauer atoms in the radiation source and in the absorber may have different

chemical environments (types of chemical bonds, oxidation state, etc.), from which it

IVS(O)IZ. Hence, the energy between the excited state and the

w,(0) =

follows that
ground state, Ep, is different for the MS atoms in the source and the absorber,

respectively. The difference, AE,, is the isomer shift, denoted by §

v, ). (2.35)

w,0) -

§=E—ES= z?nZez(Rf -r)

17



The origin of the isomer shift is shown in Fig. 2.20%) The isomer shift is generally
given in units of velocity (mm/s or cm/s).
The value of I!//(O)I2 is determined by the degree of occupation of the s orbitals,

and also by the degree of occupation of the orbitals with the orbital quantum number
[ > 0, because of the shielding effect on the s electrons. The density of the s electrons at

the position of the nucleus can be estimated from the Fermi-Serge equation

»  ZZ2 do
=—Z (1 - ) (2.36)
Tagn dn

v, .(0)

where Z is the nuclear charge, Z.¢ is the effective nuclear charge taking into account the
shielding effect of the electrons, ap is the Bohr radius of the ground-state atom, o = n—ngy
is the quantum deficiency and n, n. are the principal quantum number and the effective

principal quantum number, respectively[sgl.

2.2.2 Quadrupole splitting

If the nucleus has spin [ > 1, it will possess a quadrupole moment (eQ) arising
from the non-uniform distribution of charge. The asymmetrical charge distribution also
gives rise to an electric field gradient (EFG) that differs from zero on the site of the atom
nucleus. The interaction of the nuclear electric quadrupole moment and the electric field

gradient at the site of the atom nucleus can be expressed by the Hamilton operator[6°]

e*qQ

=m[31§ ~K+ D+ -12)], 2.37)

H

18
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Fig. 2.2. Origin of the isomer shift. (a) Electric monopole interaction between the nuclear
charge and electrons at the nucleus shifts nuclear energy levels without changing the
degeneracy; (b) Resultant Mdssbauer spectrum (schematic)P°L.

2

4 ) at the site

d
where eq is the absolute value of the EFG in the z direction (eg =|V,,| = 7

of the atomic nucleus, I is the spin quantum number, I is the spin operator and Iy, Iy, I,

are the conventional spin operators. 7 is defined as

YaVs 2.38
T' - Vu ] ( . )

where the indices are chosen so that
|szl 2|V-mr| Zlvyyl : (2.39)

For I < 3/2, the eigenvalues of the above Hamilton operator are described by the

equation

19



equ ) TIZ 172
0 —m[?:m, ~IA+D) 1+, (2.40)
where m; is the magnetic quantum number, with values of /, I-1,...., -L

The magnetic quantum numbers determine the number of energy levels.
Therefore, they determine the number of Mdssbauer lines. As an example, the effect of
electric quadrupole interaction in S7Fe with I = 3/2 in the excited energy state (14.4keV)
and I = 1/2 in the ground state is shown in Fig. 2.3 B°). The ground state ( = 1/2) is not

split because there is not a spectroscopic quadrupole moment in nuclei with I =0,1/2. The
excited state (/ = 3/2) splits into two degenerate substates |3/2,+3/ 2) and |3/2,%1/ 2).

Therefore, only two y-ray transitions are allowed and a doublet would be seen in the

spectrum.

2.2.3 Magnetic hyperfine interaction

The interaction between the magnetic dipole moment of the nucleus (i) and the
magnetic field (H) at the nucleus is called the magnetic dipole interaction or the nuclear

Zeeman effect. The Hamilton operator of this interaction is given by
H,,=-uH=—gu,JH, 2.41)

where g is the nuclear Landé factor and u,, is the nuclear magneton (i, =eh/2Mc, M—

mass of the nucleus). Accordingly, the individual energy levels are

20
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Fig. 2.3. Quadrupole splitting in 57Fe with I = 3/2 in the excited state and I = 1/2 in the
ground state. (a) The I = 3/2 level is split into two sublevels II ,im,) by the electric

quadrupole interaction. The ground state level with / = 1/2 is not split because there is no
spectroscopic quadrupole moment in a nucleus with / = 1/2. The levels with [ = 3/2
and I = 1/2 are shifted by the electric monopole interaction (giving rise to the isomer
shift). (b) Resultant Mdssbauer spectrum (schematic)[sgl.

1
E, =—UuHm, 7" —gu, Hm, . (2.42)

The nuclear Zeeman effect splits the nuclear state with spin quantum number [ into 2/+1
equally spaced and non-degenerate substates [[ ,m,) . The only transitions possible

between the energy levels of the ground and excited states are those for which

Am, = 0,%1. For the effect of magnetic dipole interaction in STFe, the I = 3/2 level is split
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into four substates and the ground state with I = 1/2 into two substates. Therefore, six

transitions are allowed in total, as shown in Fig. 245,

In a M&ssbauer experiment with a single-line source and a magnetically ordered
substance as an absorber, a resonance sextet is usually observed and the centroid is
shifted from zero velocity by the isomer shift. There are various sources contributing to

the effective magnetic field. The following are the most important sources™"':

o The Fermi contact field H,, which not only originates from the direct
interaction of the unpaired s electrons and the atomic nucleus, but also results

from the polarization of the paired s electrons;

e The contribution H; from the orbital motion of valence electrons with the total

orbital momentum quantum number L;

e The contribution Hp arising from the electron spin of the atom under

consideration.

The magnetic and quadrupole hyperfine interactions may occur simultaneously

and are superimposed on one another. Fig. 2.4 illustrates such a situation®,
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Fig. 2.4. Magnetic dipole splitting (nuclear Zeeman effect) in S’Fe  without
(H # 0, Vzz = 0) and with electric quadrupole perturbation (H # 0, V., > 0) and resultant
Mgdssbauer spectra (schematic)®), The centers of gravity of the nuclear levels are shifted
by electric monopole interaction, which is always present®?],
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2.2.4 Determination of cation distribution by MS

The application of MS in quantitative analysis is based on the fact that, for a very
thin samplef®!!, the area of the MS lines is proportional to the number of MS atoms in the
sample. The relationship between the area A of the lines and the number n of the MS

atoms can be written asP®!

A=k-f-n, (2.43)

where f is the recoil-free fraction of the y radiation (the Debye-Waller factor) and k£ is a
constant including several parameters, such as the cross-section of resonance absorption,

the intensity of radiation and the measurement time.

In almost all cases, k and f are not the same for those MS atoms in different
environments. Thus, in order to get the ratio of the concentrations of the MS atoms in
different sites, k£ and f must be determined exactly. In practice, empirically determined k
and f values are very often used. With the aid of these factors, the line areas can be used

to determine the concentrations of the MS atoms in different states.

If the Debye model8>%! gives a satisfactory description of the lattice vibrations,

then

—-3E (1 T*°%" xdx
T) =exp| —5—| —+ , 2.44
S p[Mc’-keD [4 o2 z,[ e —1 @49

where E, is the y-ray energy, 6p is the Debye temperature, & is the Boltzmann constant, ¢

is the velocity of light and M is the mass of the Mdssbauer nucleus.
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If T << 6p, Eq.2.51 may be approximated by

FD “E (3 o7 (2.45)
=ex = , .
P oMk, (2 6

and in the high-temperature region, T > 6p/2,

£ = oxp| e (2.46)
=P pcke? | '
o can be obtained from the temperature dependence &7) of the center shift of the

MS spectra. &7) in the Debye approximation can be written asl®4

6p

S(T) =8, —=—

2 Mc

9 kT (T V%% xPdx
(2.47)

x ’
o e —1

where & is the intrinsic isomer shift.

In order to determine f in the Debye model or to find the ratio of the MS atoms in
different sites, 6p should be determined. Based on Eq. 2.47, 6p can be calculated by
fitting the curve &7). Then, the fraction f at any temperature can be evaluated from
Eq. 2.44. Therefore, the ratio of the MS atoms in different sites can be derived. The
determination of @p for the a and d sites in garnet structure will be further discussed in

Chapter 4.



Chapter 3

Experimental

The europium iron garnet series Euz Fesx Al,O;» was measured by both XRD and
MS. This chapter gives a brief introduction to the two experimental techniques and the
procedure for the data collection in each technique. The raw data correction, corrected

data fitting and the relevant computer programs are also described.

3.1 Powder X-ray diffraction

3.1.1 Sample preparation

The europium iron garnet samples were the same as those studied by Y.
Yamaguchi and T. Sakurabal®!. The single crystal samples were grown from a Pb-PbF»
flux, cut parallel to (110), polished and annealed at 1250 °C for 24 hours in air. The

sample forms and the corresponding Néel temperatures are shown in Table 3.1.

Table 3.1. The sample forms and Néel temperatures, T., of the EusFes.(AliO,, series. P
refers to a polycrystalline sample and S means a single crystal. T. was measured by a

Faraday balance in a magnetic field of 500 e,

X 0 0.1 0.15 0.2 0.3 0.5 0.6 0.8 1.0 1.5
Form P P S P P P P P P S
T (K) - 558 - 548 536 511 498 474 448 -

The Rietveld refinement of a crystal structure of the europium iron garnet series
needs XRD patterns of very good quality®®. The Rietveld refinement is much more

successful if accurate and precise data are collected. Therefore, the sample preparation is
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of critical importance in the XRD measurement. In order to have the collection of
accurate and precise data in the XRD experiment, careful attention is required to the
method of the sample preparation. The samples must be sufficiently ground and correctly
mounted in an appropriate sample holder with a suitable thickness and area.
e Grinding problems
Using powder that is too coarse can give rise to inaccurate and imprecise
intensities. Unusually intense and sharp reflections are often obtained from
material that is poorly ground. On the other hand, overgrinding materials can
broaden some or all reflections (anisotropic grinding effects) and produce small
amount of amorphous surface layers!®"L.
e Sample holder and sample area
XRD method requires mounting of the sample in an appropriate holder in
order to avoid a rise in systematic errors which can affect both reflection positions
and intensities®®). Sufficient sample area is also important because the X-ray
beam must be fully within the sample.
e Sample thickness
The thickness of a powder sample must be appropriate so that essentially
all of the incident X-ray beam interacts with the sample and does not pass
through it/%®),
The studied samples were first ground in a silica mortar. Then the fine powder
was mixed with methanol and allowed to dry on a low-background sample holder in order
to form a thin flat sample. The diameter of the sample on the holder was around 1.5 cm.

The holder is made from a piece of a single crystal of Si which gives a small contribution

to the background of the XRD spectrum.
27



3.1.2 X’Pert scanning diffractometer

X’Pert is a multi-purpose system designed to provide analyses for a number of
individual and combined applications. It can contain two vertical goniometers, each
equipped for particular applications. The X’Pert system uses a PW3710 diffractomer
control unit to control either one or two goniometers depending on the application
requirements. The outlook of the X Pert system is shown in Fig. 3.1°

XRD measurements of powder samples were performed using the Philips X’Pert
scanning diffractometer equipped with a PW3020 vertical goniometer. This goniometer
has a 173 mm radius and uses DC-motors instead of conventional stepper motors. ¢ and
26 angles are monitored via two optically encoded disks mounted directly on the drive
shaft. This allows a minimum 26 angle increment of 0.0001° to be achieved. The
PW3020 vertical goniometer is shown is Fig. 3.2

The diffractometer is also equipped with a PW1386/55 automatic divergent slit.
This variable divergent slit is mechanically coupled to the f-axis in order to keep the
illuminated sample area at a constant length of 12.5 mm. By using the variable slit, the
high-angle intensity loss can be avoided and it allows the diffractometer to work at very
low angles without having to put up with high background. The variable divergence slit is
a pair of molybdenum rods which are mounted on a drum driven by the 8-axis of the
goniometer. As the diffraction angle changes, the angle of view is adjusted. This gives a
constant specimen irradiation length. A 0.1 mm receiving slit was used in the XRD
measurements in order to have the optimum intensity and resolution'®®. The PW1386/55
automatic divergent slit is shown in Fig. 3.3%! The geometric arrangement of the

powder diffractometer is shown in Fig. 3.4181,
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Fig 3.4. Geometric arrangement of the powder diffractometer. G, E—parallel plate
collimator; B—divergence slit; C—flat surface of a specimen; D—-receiving slit; F—scatter
slit; T—radiation detector; P—the axis of the specimen; r—the radius of the goniometer
circle!®®.
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With these settings, the instrumental resolution was 0.007 Al This resolution was
determined from the FWHM of the (111) peak of a Si standard. CuKo radiation was
employed and the Kf line was eliminated by using a Kevex PSi2 Peltier cooled Si
detector. A value of 1.5405981 A was taken for the CuKo;; wavelength throughout all the

calculations!”™. The XRD spectra of garnet samples are shown in Figs. 3.5 and 3.6.

3.1.2 26 correction and data fitting

Two spectra were measured for each sample. The first spectrum was obtained by
using a pure sample. The second one was measured for a mixture of the garnet sample
and a 10% by weight Si standard reference material 640b"!). Diffraction peaks of the
latter were fitted to a set of Lorentzians!>.. A parabolic background was assumed for each
fitted 26 segment. The results of the fits are given in terms of peak positions, widths,
heights and integrated areas.

The 26 angles were corrected for the possible instrumental aberration and
specimen displacement!’®). First, the difference of the peak positions of the Si standard
and that of the Si standard mixed with a specimen was calculated,
ARO)si—fic = 205i—expi—26si—sia- Next, this difference was fitted to a spline function of 26,
which is referred to as A(29)5,-_ﬁ,[731. An example of a spline fit for the sample
EusFe4sAlgs0;2 is shown in Fig. 3.7. Compared with the forth-order polynominal fit, the
spline fit is more reliable since the fitting curve goes through all the data points. Then, all

the peak positions were corrected according to the equation 26,07 = 20exp—A(20) si -
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Fig. 3.5. The XRD spectra of EusFes.xAl;O), series with x frorm 0.0 to 0.3.
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Fig. 3.6. The XRD spectra of EusFes.«AlO» series with x from 0.5 to 1.5.
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Three Fortran programs were used for indexing the XRD spectra: Dicvol 910741,
Lsucril™ and Treor 907%). The extinction rules and the type of the Bravis lattice for
the EusFes.AlO;, series, which were described in Chapter 2, were chosen for these
programs as the prerequisites. The corrected positions of 30 peaks with the highest
intensity were entered into these programs. The results from the Dicvol 91 program were
used; the other two programs gave the same results. The output of these indexing
programs gives the calculated peak positions, Miller indices and the crystal lattice

constant a.

0.06 rlrllllllllllllllllllllFTIIIIIIlllliilllfl(lllIlIIlllllllllllllllnlllllllil‘lf
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Fig. 3.7. The A(26)s:.p; calculated from the XRD spectrum of the sample EusFe,; sAlgsO12
fitted to the forth-order polynomial and the spline functions.
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3.1.4 The Rietveld analysis

The Rietveld analysis was applied to the corrected spectra. The diffraction profiles
were modeled by using a pseudo-Voigt function. The crystal lattice constant, the space
group la3d and the corresponding site occupancies for each site were entered into the
program first. The total site occupancies for the ¢, a, d and 4 sites are 1/4, 1/6, 1/4 and 1,
respectively, and are fixed in the fitting process. They are defined as the ratios of the total
coordinates for each particular site and the total coordinates for the free oxygen atom. For
the EusFes(AlO» series, both Fe** and AI*" ions occupy the a and d sites. Therefore,
the respective site occupancies of Fe and Al atoms in the a or 4 sites were varied. The
parameters U, V, W and K were varied””). In addition to these non-structural parameters,
the positional parameters of oxygen, x, y and z, and isotropic thermal parameters were
also varied”®. The 26 angle range from 30° to 80° was chosen for the first-step fitting
because of the broadened Bragg lines in the high-angle region and less accurate line
positions in the low-angle region. Then, the fitting was extended to the full angle range
from 15° to 135°. The fitting results gave the refined lattice constants, the site occupancies
of the two types of atoms in the ¢ and d sites, the overall thermal factors, the isotropic
thermal factors, the positional parameters of oxgen and U, V, W, K values'’®!. Since the
total site occupancies and the number of atoms in each site are constant in a garnet
chemical formula, the cation distribution in a particular site was derived from the ratios of

the site occupancies of each type of atoms and the total site occupancy for this site. For

m (4 -
example, the number of iron ions in the a site is ng, =2(T/-F-5, where mg. is the fitted
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Fe3* site occupancy at the a site, 2 is the total number of ions at the a site for one garnet

chemical formula and 1/6 is the total site occupancy of the q site.

3.2 Mossbauer spectroscopy

3.2.1 Sample preparation

The thickness of the MS absorber is important due to the following two reasons.
First, the measured linewidth will increase as the absorber thickness increases. This will
decrease the resolution of a multiple-line spectrum or the precision with which a single
line will be located. An increase in absorber thickness also diminishes the transmission of
resonant radiation as a result of non-resonant scatteringm]. Second, the absorber must
have a finite thickness in order to have the resonance to be observed at all and to collect a
spectrum in a reasonable time. For these two reasons, there must be an optimum absorber
thickness for transmission geometry.

The optimum absorber thickness was investigated by Long et al. based on an
evaluation of the electronic and the recoilless nuclear absorption of 7y rays®. The
evaluation leads to the conclusion that the ideal absorber thickness is between 1/l and
2/t., where [l is the electronic mass absorption coefficient for the Mdssbauer yrays[sol.
The absorber thickness was from 15 mg/cm2 to 30 mg/cm2 which was calculated

based on the optimal thickness evaluation by Long er al.®®. The sample holder was

made of pure boron nitride. The absorber holder has the same diameter of 1.2 cm.
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3.2.2 MS spectrometer

The MS spectra of the EusFes. AlO» series were recorded with a 1024
multichannel analyser using a constant-acceleration electromechanical drive system. The
Doppler motion is provided by the electromechanical drive system which is controlled by
a servo-amplifier. The amplifier is fed with a reference voltage wave form which repeats
itself exactly with a frequency of between about 5 and 40 Hz. The actual drive or
transducer embodies two coils, one of which produces a voltage proportional to the actual
velocity of the shaft (pick-up coil), and the other one controls the velocity of the shaft
(drive coil). The servo-amplifier compares this signal to the reference wave form and
applies corrections to the drive coil to minimize any differences. In this way, the center
shaft, which is rigidly connected to the MS source, executes an accurate periodic motion.
A schematic arrangement for the spectrometer is shown as Fig. 3.8, The spectra were
obtained between 298 K and 1028 K with the 14.4 keV v rays from the 3’Co(Rh) source.
The velocity scale was calibrated at room temperature by measuring the spectra of
6.35-pum Fe foil. The accumulated counts per channel were typically about a few millions.
For high temperature measurements, the MS spectra were made by using an oven for
which the temperature could be monitored and adjusted. The temperature control was
achieved to within =1 K. The oven was connected to a diffusion pump which produced a
vacuum in the oven of about 107 Torr. The oven was water cooled.

Three samples with x = 0.0, 1.0 and 1.5 were measured continually in the

temperature range 298—-1023 K .
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3.2.3 Fitting program

{81]

The MS spectra of the studied samples were fitted by using the computer program

Normos 90%%, The spectra were obtained at temperatures above T.. Therefore, only the
quadrupole splitting doublets from the iron atoms in the a and d sites were observed. All
the spectra were fitted to Lorenzian lines using the usual constraints of equal area and

width for the two lines of each doublet. The fitting results gave the background of the

spectrum, widths and areas of the fitted doublets, isomer shifts and quadrupole splittings.
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Chapter 4

Results and discussion

In the first section of this chapter, the results of the EusFes <Al Oy, series from the
XRD pattern indexing and Rietveld analysis are presented and discussed. In the second
section, the MS spectra of the studied samples with x = 0.0, 1.0 and 1.5 measured in the
high-temperature region are described, the relevant fitted parameters are given and the

method of determining the Debye temperature 6p is discussed.

4.1 Powder X-ray diffraction

4.1.1 XRD spectra

The XRD spectra of the studied samples measured in the 20 range 15°-135°
(Figs. 3.5 and 3.6) show the presence of many Bragg lines. The weaker lines are usually
not observed in the spectra measured with a scintillation detector. This increased
sensitivity for the weak lines is due to the solid-state detector which has a higher counting
efficiency (due to the elimination of a monochromator in the diffracted beam) and a lower
background counting rate as compared to a conventional scintillation detector.

It should be noticed that the splitting of diffraction peaks for large 20 values is due
to Ko, radiation. The positions of all the detected Bragg lines corresponding to K¢ in
terms of the angle 26, the lattice constant a and the spacing d, as well as the Miller

indices for all observed peaks and their relative intensities (normalized to a2 maximum of
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100.0), were determined from the Fortran programs Ito, Treor 90 and Dicvol 91, as
described in Chapter 3. Based on the fitting results, A(26) and A(d) were calculated; A(28)
and A(d) are the differences between the observed and calculated values for 26 and d,
respectively. All these parameters for the studied samples are presented in Tables. 4.1—
4.10.

Every single observed Bragg line can be indexed to the I(a) structure. It is
noticeable that even the peaks with an intensity as small as 0.4% of the maximum
intensity, as shown in Table 4.8, could be detected and indexed to the I(a) structure.
There is an excellent agreement between 26,5 and 261, as well as between dops and deal,
as shown in Tables 4.1-4.10.

The a values for the 10 studied samples are also in a good agreement with the
values reported by Yamaguchi and Sakuraba!®. The a values are given in Table
4.11 and Fig. 4.1. It can be seen (Fig. 4.1) that the a value decreases with the increasing
of nominal composition x. This is due to.the fact that the larger-size Fe ions were
substituted by the smaller-size Al ions in the crystal structure. The size of the a site is not
the same as that of the d site. The Al atoms enter the a and d sites randomly. Therefore,
the a values do not change linearly with x, as shown in Fig. 4.1.

These results lead to the conclusion that the structure of the EusFes (Al O» series
belongs to the body-centered cubic Bravis lattice. The cubic lattice constant a for each

sample was used in the Rietveld refinement process as an input parameter.
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Table 4.1. The observed and calculated structure parameters for the europium iron garnet

EusFesOia. 28,5—position of the observed Bragg lines in degrees, 26, ,—position of the
calculated Bragg lines in degrees, A(28)~the difference between 26, and 26.4
degrees, d.ss—the observed spacing distance in A, d..—the calculated spacing distance in

A, A(d) —the difference between d,»s and d. in A, Int—the relative intensity.

in

h k1 20,55 28ca1 A(28) doss d.a Ad Int
211 17.404 17.362 0.0418 5.0914 5.1035 -0.0122 5.3
2 2 0 20.134 20.074 0.0599 4.4068 44198 -0.0130 2.7
3 21 26.682 26.660 0.0223 3.3333 3.3410 -0.0027 74
4 0 0 28.557 28.538 0.0189 3.1232 3.1253 -0.0020 20.0
4 2 0 32.007 31.992 0.0152 2.7940 2.7933 -0.0013 100.0
4 2 2 35.153 35.140 0.0131 2.5508 2.5518 -0.0009 41.1
4 3 1 36.633 36.625 0.0084 2.4511 2.4516 -0.0005 3.3
5 2 1 39.459 39.449 0.0096 2.2818 2.2824 -0.0005 14.9
4 4 0 40.809 40.800 0.0093 2.2094 2.2099 -0.0005 3.4
6 1 1 44.653 44.648 0.0043 2.0277 2.0279 -0.0002 18.8
6 3 1 49412 49.407 0.0033 1.8430 1.8432 -0.0002 2.5
4 4 4 50.536 50.543 -0.0071 1.8046 1.80444 0.0002 24.4
6 4 0 52.733 52.762 -0.0093 1.7339 1.7336 0.0003 53.1
7T 2 1 53.842 53.848 -0.0056 1.7013 1.7012 0.0002 9.2
6 4 2 54.908 54.918 -0.0101 1.6708 1.6705 0.0003 54.8
6 § 1 58.041 58.030 -0.0086 1.58738 1.5876 0.0002 4.6
8§ 0 0 59.053 56.070 -0.0116 1.5629 1.5626 0.0003 23.3
6 5 3 62.052 62.067 -0.0153 1.4945 1.4942 0.0003 1.0
6 6 0 63.039 63.048 -0.0083 14734 1.4733 0.0002 1.5
7 5 2 65.936 65.941 -0.0046 1.4155 1.4155 0.0001 1.0
8§ 4.0 66.880 66.890 -0.0101 1.3978 1.3977 0.0002 14.9
8 4 2 68.762 638.770 -0.0073 1.3641 1.3640 0.0001 35.0
9 2 1 69.682 69.700 -0.0181 1.3433 1.3450 0.0003 34
6 6 4 70.616 70.625 -0.0092 1.3328 1.3326 0.0002 12.7
8 5 1 71.540 . 71.545 -0.0051 1.3173 1.3177 0.0001 1.1
9 3 2 73.372 73.370 0.0016 1.2894 1.2894 0.0000 2.9
8 4 4 74.270 74.277 -0.0065 1.2760 1.2759 0.0001 0.8
9 4 1 75.173 75.179 -0.0055 1.2629 1.2628 0.0001 0.9
10 1 1 76.966 76.972 -0.0057 1.2379 1.2378 0.0001 14
10 2 0 77.856 77.863 -0.0073 1.2259 1.2258 0.0001 3.9
10 3 1 80.515 80.521 -0.0062 1.1920 1.1919 0.0001 4.8
10 4 0 83.155 83.159 -0.0037 1.1607 1.1607 0.0000 35.2
9 6 1 84.019 84.034 -0.0154 1.1510 1.1508 0.0002 2.8
10 4 2 84912 84.909 0.0034 1.1411 1.1412 0.0000 15.6
11 2 1 87.530 87.525 0.0049 1.1136 1.1137 0.0000 3.7
8§ 8 0 88.393 §8.396 -0.0028 1.1030 1.1049 0.0000 15.7
11 3 2 91.006 91.007 -0.0007 1.0799 1.0799 0.0000 2.6
10 6 0 91.880 91.877 0.0029 1.0719 1.0720 0.0000 2.1
9 6 5 94.470 94.492 -0.0220 1.0492 1.0491 0.0002 1.3
12 0 0 95.360 95.365 -0.0054 1.0418 1.0417 0.0000 6.1
12 2 0 97.116 97.116 -0.0002 1.0276 1.0276 0.0000 8.8
10 7 1 98.008 97.994 0.0140 1.0206 1.0207 -0.0001 2.2
12 2 2 98.872 98.874 -0.0017 1.0140 1.0140 0.0000 15.5
11 6 1 101.543 101.526 0.0216 0.9944 0.9945 -0.0002 1.2
9 9 2 105.104 105.104 0.0001 0.9703 0.9703 0.0000 2.8
13 2 1 108.745 108.743 0.0022 0.9477 0.9477 0.0000 1.6
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Table 4.1. (continued)

h k 1 20,58, 26.a1 A(20) doss deat Ad Int
12 4 4 109.668 109.664 0.0037 0.9423 0.9423 0.0000 9.2
12 6 0 111.527 111.524 0.0035 0.9318 0.9318 0.0000 20.8
13 3 2 112.457 112.462 -0.0050 0.9267 0.9266 0.0000 2.2
12 6 2 113.403 113.407 0.0011 0.9216 0.9216 0.0000 7.0
8 8 8 117.266 117.259 0.0073 0.9021 0.9022 0.0000 5.8
14 1 1 120.259 120.237 0.0224 0.8883 0.8834 -0.0001 1.0
14 3 1 124.363 124.335 0.0077 0.8710 0.8710 0.0000 2.5
12 8 0 125.431 125.416 0.0149 0.8667 0.8663 -0.0001 24
14 4 0 127.593 127.581 0.0118 0.8585 0.8386 0.0000 14.5
14 4 2 129.825 129.811 0.0138 0.8505 0.8506 0.0000 13.1
14 5 1 133.307 133.300 0.0067 0.8390 0.8390 0.0000 1.4
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Table 4.2. The observed and calculated structure parameters for the europium iron garnet
EusFes9Alg0)a. 28,5—position of the observed Bragg lines in degrees. 28,,—position of
the calculated Bragg lines in degrees, A(28)—the difference between 26, and 20,4 in
degrees, d,s,—the observed spacing distance in A, d.g—the calculated spacing distance in
A, A(d) —the difference between d,ps and deyin A, Int—the relative intensity.

h k | 26‘,1“ 29:;] A(ZG) dobs dcnl Ad Int
2 1 1 17.345 17.371 -0.0261 5.1085 5.1009 -0.0076 72
2 2 0 20.071 20.084 -0.0133 4.4204 44175 -0.0029 2.1
3 2 1 26.680 26.674 0.0065 3.3385 3.3393 0.0008 8.9
4 0 0 28.560 28.553 0.0071 3.122y 3.1237 0.0008 223
4 2 0 32.021 32.008 0.0126 2.7928 2.7939 0.0011 100.0
4 2 2 35.175 35.158 0.0167 2.5493 2.5505 0.0012 - 38.5
4 3 1 36.669 36.644 0.0252 2.4488 2.4504 0.0016 2.1
5 2 1 39.492 39.470 0.0218 2.2800 2.2812 0.0012 14.5
4 4 0 40.849 40.821 0.0277 2.2073 2.2088 0.0014 3.8
6 I 1 44.692 44.672 0.0200 2.0260 2.0269 0.0009 17.8
6 2 O 45.902 45.898 0.00+42 1.9754 1.9756 0.0002 0.6
6 3 1 49.444 49433 0.0106 1.8419 1.8422 0.0004 25
4 4 4 50.578 50.570 0.0075 1.8032 1.8035 0.0003 234
6 4 0 52.793 52.791 0.0019 1.7326 1.7327 0.0001 47.0
7 2 1 53.879 53.877 0.0019 1.7003 1.7003 0.0001 8.3
6 4 2 54.946 54.948 -0.0022 1.6697 1.6697 -0.0001 48.0
6 S5 1 58.081 58.082 -0.0008 1.5868 1.5868 0.0000 3.8
8 0 O 59.095 59.102 -0.0074 1.5620 1.5618 -0.0002 19.9
8 1 1 60.135 60.112 0.0227 1.5375 1.5380 0.0005 0.2
g8 2 0 61.086 61.112 -0.0260 1.5158 1.5152 -0.0006 0.2
6 5 3 62.090 62.102 -0.0122 '1.4937 1.4934 -0.0003 1.2
6 6 0 63.065 63.083 -0.0184 1.4729 1.4725 -0.0004 14
g8 3 1 64.047 64.056 -0.0092 1.4527 1.4525 -0.0002 0.3
7 5 2 65.962 65.978 -0.0162 1.4151 1.4147 -0.0003 1.3
8 4 0 66.918 66.928 -0.0104 1.3971 1.3969 -0.0002 13.4
8 4 2 68.799 63.809 -0.0102 1.3635 1.3633 -0.0002 329
9 2 1 69.728 69.741 -0.0126 1.3475 1.3473 -0.0002 3.0
6 6 4 70.656 70.666 -0.0103 [.3321 1.331Y -0.0002 10.2
S 5 1 71.570 71.587 -0.0169 1.3173 1.3171 -0.0003 0.4
9 3 2 73.408 73.414 -(.0057 1.2888 1.2887 -0.0001 3.1
9 4 | 75.202 75.223 -0.0212 1.2625 1.2622 -0.0003 0.8
10 2 0 77915 77910 0.0048 1.2251 1.2252 0.000! 3.4
10 3 1 80.573 80.570 0.0026 1.1913 1.1913 0.0000 44
10 4 0 83.215 83.210 0.0048 1.1600 1.1601 0.0001 29.9
9 6 1 84.084 84.087 -0.0027 1.1503 1.1502 0.0000 2.1
10 4 2 84.966 84.962 0.0043 1.1406 1.1406 0.6000 12.8
11 2 1 87.590 87.581 0.0093 1.1130 1.1131 0.0001 4.0
8 8§ O 88.459 88.452 0.0067 1.1043 1.1034 0.000! 15.7
11 3 2 91.078 91.066 0.0122 1.0793 1.0794 0.0001 2.3
10 6 0 91.941 91.937 0.0039 1.0714 1.0714 0.0000 1.2
9 6 S 94.568 94.555 0.0132 1.0484 1.0485 0.0001 0.8
12 0 0 95435 95.429 0.00538 1.0412 1.0412 0.0000 5.3
12 I 1 96.323 96.305 0.0182 1.0339 1.0341 0.0001 0.7
12 2 0 97.194 97.182 0.0120 1.0270 1.0271 0.0001 7.3
10 7 1 98.080 98.061 0.0192 1.0200 1.0202 0.0001 2.1
12 2 2 98.952 98.942 0.0104 1.0134 1.0135 0.0001 12.7




Table 4.2. (continued)

h k 1 20,5, 28cat A(20) doss d.ar Ad Int
11 6 1 101.609 101.598 0.0115 0.9939 0.9940 0.0001 1.0
12 4 0 102.510 102.488 0.0218 0.9876 0.9878 0.0002 0.2
9 9 2 105.191 105.180 00113 0.9697 0.9698 0.0001 3.0
10 8 2 106.084 106.084 -0.0003 0.9640 0.9640 0.0000 0.5
13 2 1 108.832 108.824 0.0082 0.9472 0.9472 0.0000 1.7
12 4 4 109.749 109.747 0.0023 0.9418 0.9418 0.0000 8.5
12 6 0 111.611 111.609 0.0021 0.9313 0.9313 0.0000 18.2
13 3 2 112.552 112.549 0.0031 0.9262 0.9262 0.0000 2.0
12 6 2 113.497 113.495 0.0017 09211 0.9211 0.0000 6.2
10 9 3 116.396 116.37 0.0185 0.9064 0.9065 0.0001 0.5
8 8 8 117.345 117.354 -0.0090 0.9018 0.9017 0.0000 5.0
14 1 1 120.340 120.333 0.0023 0.8879 0.8880 0.0000 1.0
14 2 0 121.355 121.352 0.0027 0.8833 0.83835 0.0000 0.7
14 3 1 124.450 124.465 -0.0133 0.8706 0.8705 -0.0001 2.5
12 8 0 125.503 125.529 -0.0257 0.8664 0.8663 -0.0001 3.0
14 4 0 127.674 127.699 -0.0252 0.8582 0.8581 -0.0001 144
14 3 3 128.787 128.808 -0.0215 0.8542 0.8541 -0.0001 0.7
14 4 2 129.904 129.935 -0.0313 0.8503 0.8502 -0.0001 13.3
14 5 1 133.417 133.435 -0.0180 0.8386 0.8386 -0.0001 1.3
12 8 4 134.631 134.647 -0.0158 0.8349 0.8343 0.0000 1.0
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Table 4.3. The observed and calculated structure parameters for the europium iron garnet
EujFes 35Al0.15012- 20,5s—position of the observed Bragg lines in degrees, 26,,—position
of the calculated Bragg lines in degrees, A(26)—the difference between 26, and 28,4 in
degrees, d,,—the observed spacing distance in A, d.u—the calculated spacing distance in
A, A(d) —the difference between dss and dey in A, Int—the relative intensity.

h k 1 29063 29:31 A(26) dc&: dcal Ad Int

2 11 17.360 17.377 -0.0167 5.1042 5.0993 0.0049 6.8

2 20 20.084 20.091 -0.0063 44176 4.4161 0.0015 21
3 2 1 26.666 26.682 -0.0162 3.3403 3.3383 0.0020 8.6
4 0 O 28.545 28.562 -0.0172 3.1245 3.1227 0.0018 204
4 2 0 32.005 32.019 -0.0138 2.7942 2.7930 0.0012 100
4 2 2 35.153 35.170 -0.0168 2.5508 25497 0.0012 41.9
4 3 1 36.645 36.657 -0.0115 2.4503 2.4496 0.0007 3.0
5 2 1 39.470 39.483 -0.0133 2.2812 2.2805 0.0007 18.4
4 4 0 44.675 44.687 -0.0120 2.0268 2.0263 0.0005 22.1
6 2 0 45.893 43.913 -0.0203 1.9758 1.9750 0.0008 0.6
6 3 1 49.444 49.450 -0.0062 1.8419 1.8417 0.0002 3.3
4 4 4 50.576 50.588 -0.0118 1.8033 1.8029 0.0004 26.4
6 4 0 52.501 52.809 -0.0033 1.7324 1.7321 0.0003 61.7
7 2 1 53.884 53.896 -0.0117 1.7001 1.6998 0.0003 11.2
6 4 2 54.960 54.967 -0.0072 1.6693 1.6691 0.0002 62.3
6 5 1 58.092 58.102 -0.0101 1.5866 1.5863 0.0003 6.9
8§ 0 0 59.123 59.123 -0.0002 1.5613 1.5613 0.0000 27.1
6 & 3 62.111 62.124 -0.0132 1.4932 1.4929 0.0003 2.0
6 6 0 63.098 63.106 -0.0079 1.4722 1.4720 0.0002 2.0
7 65 2 65.999 66.002 -0.0030 1.4143 1.4143 0.0001 1.6
8 4 0 66.943 66.953 -0.0076 1.3966 1.3965 0.0001 19.8
8 4 2 65.826 63.834 -0.0082 1.3630 1.3628 0.0001 54.0
9 2 1 69.753 69.766 -0.0130 1.3471 1.3469 0.0002 54
6 6 4 70.686 70.692 -0.0062 1.3316 1.3315 0.0001 13.1
8 5 1 71.609 71.613 -0.0043 1.3167 1.3166 0.0001 1.1
9 3 2 73.433 73.441 -0.0079 1.2834 1.2883 0.0001 5.3
9 4 1 75.244 75.251 -0.0074 1.2619 1.2618 0.0001 1.6
10 1 1 T7.042 77.047 -0.0049 1.2363 1.2368 0.0001 2.2
10 2 0 77.940 77.940 0.0003 1.2248 1.2248 0.0000 5.6
10 3 1 80.611 80.601 0.0096 1.1908 1.1909 -0.0001 8.2
10 4 O 83.255 83.243 0.0123 1.1596 1.1597 -0.0001 52.7
9 6 1 84.128 84.120 0.0084 1.1498 1.1499 -0.0001 3.6
10 4 2 85.004 84.995 0.0088 1.1401 1.1402 -0.0001 21.1
11 2 1 87.633 87.616 0.0173 1.1126 1.1128 -0.0002 8.1
8 8 0 88.507 88.488 0.0191 1.1038 1.1040 -0.0002 26.4
11 3 2 91.114 91.103 0.0110 1.0789 1.0790 -0.0001 5.4
10 6 O 91.981 91.975 0.0061 1.0710 1.0711 -0.0001 2.5
9 6 5 94.597 94.594 0.0027 1.0482 1.0482 -0.0000 1.7
12 0 0 95.478 95.469 0.0087 1.0408 1.0409 -0.0001 11.0
12 2 0 97.230 97.223 0.0066 1.0267 1.0267 -0.0001 13.4
10 7 1 98.107 98.103 0.0041 1.0198 1.0199 0.0000 4.8
12 2 2 98.987 98.984 0.0027 1.0131 1.0131 0.0000 254
11 6 1 101.646 101.642 0.0037 9.9363 9.9371 0.0000 2.9
9 9 2 105.233 105.223 0.0055 9.6943 9.6947 0.0000 6.1
10" 8 2 106.137 106.133 0.0042 9.6365 9.6368 0.0000 1.1
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Table 4.3. (continued)

h k 1 2005, T A(20) doss doat Ad Int
13 2 1 103.892 108.875 0.0171 9.4652 9.4692 -0.0001 37
12 4 4 109.812 109.799 0.0134 9.4144 9.4152 -0.0001 14.5
12 6 0 111.668 111.663 0.0652 9.3097 9.3100 0.0000 31.8
13 3 2 112.607 112.604 0.0038 9.2585 9.2587 0.0000 4.3
12 6 2 113.559 113.551 0.0077 9.2079 9.2083 0.0000 14.6
10 9 3 116.481 116.436 0.0448 9.0595 9.0617 -0.0002 0.8
8 8 8 117.412 117.414 -0.0023 9.0145 9.0144 0.0000 8.8
14 1 1 120.394 120.401 -0.0074 8.8771 8.8767 0.0000 1.9
14 2 0 121.409 121.417 -0.0079 8.8326 8.8323 0.0000 15
14 3 1 124.535 124.535 -0.0000 8.7027 8.7027 0.0000 6.2-
12 8 0 125.601 125.596 0.0054 8.6607 8.6609 0.0000 5.6
14 4 0 127.771 127.774 -0.0023 8.5737 8.5786 0.0000 23.9
14 3 3 128.913 128.885 0.0284 8.5374 8.5385 -0.0001 1.7
14 4 2 133.510 133.520 -0.0104 8.3835 8.3832 0.0000 3.0
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Table 4.4. The observed and calculated structure parameters for the europium iron garnet
EusFesgAlg20s. 26,5—position of the observed Bragg lines in degrees, 26.4—position of
the calculated Bragg lines in degrees, A(26)— the difference between 26,.,s and 26,4 in
degrees d.ss—the observed spacing distance in A d.w—the calculated spacing distance in
A, A(d) —the difference between d,zs and d.oin A. Int—the relative intensity.

h k 1 26,54 28.a1 A(28) doss deat Ad Int
2 1 1 17.377 17.378 -0.0012 5.0992 5.0939 0.0003 85
2 20 20.098 20.093 0.0054 4.4146 4.4157 -0.0012 2.5
3 21 26.683 26.685 -0.0016 3.3382 3.3380 0.0002 9.0
4 00 28.559 28.565 -0.0038 3.1230 3.1224 0.0006 22.2
4 2 0 32.018 32.022 -0.0038 2.7931 2.7928 0.0003 100.0
4 2 2 35.169 35.173 -0.0041 2.5497 2.5494 0.0003 40.7
4 3 1 36.659 36.659 -0.0003 2.4494 2.4494 0.0000 2.7
5 2 1 39.485 39.487 -0.0019 2.2804 2.2803 0.0001 15.7
4 4 0 40.830 40.839 -0.0086 2.2033 2.2079 0.0004 3.1
6 1 1 44.686 44691 -0.0051 2.0263 2.0261 0.0002 194
6 3 1 49.449 49.4335 -0.0039 1.8417 1.8415 0.0002 2.6
4 4 4 50.589 50.593 -0.0035 1.8028 1.8027 0.0001 23.5
6 4 0 52.813 52.814 -0.0013 1.7320 1.7320 0.0000 55.2
7T 2 1 53.899 53.901 -0.0018 1.6997 1.6996 0.0001 8.0
6 4 2 54.973 54.973 0.0005 1.6690 1.6690 0.0000 56.8
6 5 1 58.112 58.108 0.0043 1.5861 1.5862 -0.0001 3.1
8§ 0O 59.129 59.129 0.0001 1.5612 1.5612 0.0000 21.3
6 5 3 62.128 62.130 -0.0023 1.4928 1.4928 0.0000 1.2
6 6 0 63.107 63.112 -0.0050 14720 14719 0.0001 1.6
7 5 2 66.003 66.009 -0.0055 1.4143 1.4142 0.0001 1.3
8§ 4 0 66.956 66.959 -0.0032 1.3964 1.3964 0.0001 13.2
8§ 4 2 68.837 68.841 -0.0041 1.3628 1.3627 0.0001 36.1
9 2 1 69.774 69.773 0.0010 1.3468 1.3468 0.0000 3.2
6 6 4 70.695 70.699 -0.0044 1.3315 1.3314 0.0001 11.5
g9 3 2 73.441 73.448 -0.0074 1.2883 1.2882 0.0001 34
9 4 1 75.249 735.259 -0.0101 1.2618 1.2616 0.0001 0.6
10 1 1 77.054 77.055 -0.0009 1.2367 1.2367 0.0000 14
10 2 0 77.940 T7.948 -0.0079 1.2248 1.2247 0.0001 3.2
10 3 1 80.606 8§0.610 -0.0039 1.1909 1.1908 0.0000 5.1
10 4 0 83.248 83.252 -0.0036 1.1597 1.1596 0.0000 34.8
9 6 1 84.109 84.129 -0.0197 1.1500 1.1498 0.0002 1.9
10 4 2 85.003 85.004 -0.0014 1.1402 1.1401 0.0000 13.8
11 2 1 8§7.626 87.625 0.0006 1.1127 1.1127 0.0000 4.0
8§ 8 0 83.498 83.498 0.0003 1.1039 1.1039 0.0000 13.0
11 3 2 91.109 91.113 -0.0043 1.0790 1.0789 0.0000 2.8
10 6 0 91.977 91.985 -0.0084 1.0710 1.0710 0.0001 1.6
9 6 5 94.595 94.605 -0.0103 1.0482 1.0481 0.0001 0.9
12 0 O 95.482 95.480 0.0016 1.0408 1.0408 0.0000 6.1
12 2 0 97.235 97.235 0.0002 1.0266 1.0266 0.0000 7.5
10 7 1 98.120 98.115 0.0055 1.0197 1.0198 0.0000 2.6
12 2 2 98.996 98.996 -0.0001 1.0130 1.0130 0.0000 14.8
11 6 1 101.658 101.655 0.0033 0.9936 0.9936 0.0000 1.6
9 9 2 105.241 105.241 0.0003 0.9694 0.9694 0.0000 3.2
13 2 1 108.8S1 108.889 -0.0080 0.9469 0.9468 0.0000 1.5
12 4 4 109.814 109.813 0.0010 0.9414 0.9414 0.0000 8.8
12 6 0 111.677 111.678 -0.0005 0.9309 - 0.9309 0.0000 194
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Table 4.4. (continued)

h k 1 2005, 26(:3[ A(?B) dob: dcal Ad Int
13 3 2 112.609 112.619 -0.0097 0.9258 0.9238 0.0001 2.1
12 6 2 113.568 113.567 0.0015 0.9207 0.9207 0.0000 7.0
8§ 8 8 117.429 117.431 -0.0016 0.9014 0.9014 0.0000 6.2
14 1 1 120.410 120.419 -0.0090 0.8376 0.8876 0.0000 1.1
14 2 0 121.434 121.435 -0.0013 0.8832 0.8831 0.0000 0.7
14 3 1 124.566 124.554 0.0121 0.8701 0.8702 0.0000 3.2
12 8 0 125.640 125.619 0.0207 0.8659 0.8660 -0.0001 2.7
14 4 0 127.813 127.794 0.0188 0.8577 0.8578 -0.0001 16.2
14 4 2 130.0537 130.035 0.0218 0.8497 0.8498 -0.0001 14.8
14 5 1 133.581 133.543 0.0376 0.8381 0.8382 -0.0001 1.5
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Table 4.5. The observed and calculated structure parameters for the europium iron garnet
EuzFes 7Al030,2. 28,5s—position of the observed Bragg lines in degrees, 28.,—position of
the calculated Bragg lines in degrees, A(268)—the difference between 28, and 26, in
degrees, d,;,—the observed spacing distance in A, d.—the calculated spacing distance in
A, A(d) —the difference between d,ps and d.rin A, Int—the relative intensity.

R k1 2022 28 et A(29) dobs deat Ad Int
2 1 1 17.430 17.388 0.0420 5.0838 5.0960 00122 7.0
2 2 0 20.145 20.104 0.0411 4.4044 44133 -0.0089 2.4
3 2 1 26.716 26.700 0.0163 3.3341 3.3361 -0.0020 10.0
4 00 28.596 28.581 0.0150 3.1191 3.1207 -0.0016 5.7
4 2 0 32.050 32.040 0.0099 2.7904 2.7912 -0.0008 100.0
4 2 2 35.201 35.193 0.0077 2.5475 2.5450 -0.0005 46.1
4 3 1 36.656 36.680 0.0056 24477 - 2.4480 -0.0004 25
5 2 1 39.514 39.510 0.0042 2.2788 2.2790 -0.0002 19.2
4 40 40.871 40.862 0.0086 2.2062 2.2066 -0.0004 43
6 1 1 44.719 44.717 0.0016 2.0249 2.0250 -0.0001 20.5
6 2 0 45.966 45.945 0.0214 1.9728 . 19737 -0.0009 0.7
6 3 1 49.485 49434 0.0003 1.8404 1.8405 -0.0000 2.9
4 4 4 50.626 50.623 0.0033 1.8016 1.8017 -0.0001 23.1
6 4 0 52.849 52.846 0.0031 1.7309 1.7310 -0.0001 61.1
7 2 1 53.938 53.933 0.0048 1.6985 1.6987 -0.0001 10.2
6 4 2 55.009 55.006 0.0034 1.6680 1.6681 -0.0001 62.7
6 5 1 58.152 58.143 0.0089 1.5851 1.5853 -0.0002 5.8
§ 0 0 59.171 59.165 0.0059 1.5602 1.5603 -0.0001 25.3
6 5 3 62.175 62.169 0.0063 1.4918 1.4920 -0.0001 1.5
6 6 0 63.151 63.151 -0.0002 1.4711 14711 0.0000 1.4
7 5 2 66.050 66.050 0.0001 1.4134 1.4134 0.0000 1.1
8 4 0 67.004 67.001 0.0026 1.3956 1.3956 0.0000 16.4
8 4 2 65.887 68.885 0.0022 1.3619 1.3620 0.0000 40.5
9 2 1 69.819 69.818 0.0015 1.3460 1.3460 0.0000 4.2
6 6 4 70.747 70.745 0.0024 1.3306 1.3307 0.0000 13.0
8 5 1 71.680 71.667 0.0135 - 1.3156 1.3158 -0.0002 0.8
9 3 2 73.493 73.496 0.0020 1.2875 1.2875 0.0000 3.6
9 4 1 75.309 75.308 0.0007 1.2609 1.2609 0.0000 12
10 1 1 77.098 77.106 -0.0077 1.2361 1.2360 0.0001 1.3
10 2 0 77.994 78.000 -0.0055 1.2241 1.2240 0.0001 3.7
10 3 1 80.667 80.664 0.0030 1.1901 1.1902 0.0000 5.2
10 4 0 83.311 83.308 0.0027 1.1590 1.1590 0.0000 35.6
9 6 1 84.187 84.186 0.0007 1.1491 1.1491 0.0000 2.5
10 4 2 85.065 85.063 0.0021 1.1395 1.1395 0.0000 16.0
11 2 1 87.691 87.687 0.0044 1.1120 1.1120 0.0000 48
8§ 8 0 88.561 88.560 0.0012 1.1033 1.1033 0.0000 15.2
1 3 2 91.185 91.178 0.0067 1.0783 1.0783 0.0001 2.8
10 6 0 92.052 92.051 0.0006 1.0704 1.0704 0.0000 1.8
9 6 5 94.675 94.674 0.0006 1.0475 1.0475 0.0000 1.1
12 0 0 95.553 95.551 0.0024 1.0402 1.0402 0.0000 6.5
12 2 0 97.306 97.307 -0.0012 1.0261 1.0261 0.0000 8.8
100 7 1 98.191 98.188 0.0030 1.0192 1.0192 0.0000 2.9
12 2 2 99.071 99.071 0.0002° 1.0125 1.0125 0.0000 16.0
11 6 1 101.728 101.733 -0.0050 0.9931 0.9931 0.0000 1.7
9 9 2 105.321 105.324 -0.0032 0.9689 0.9688 0.0000 3.7
10 8 2 106.223 106.231 -0.0081 0.9631 0.9631 0.0001 1.0
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Table 4.5. (continued)

h k | 2806: 29:3! A(?g) dab: dccl Ad Int
13 21 108.983 108.978 0.0047 0.9463 0.9463 0.0000 2.0
12 4 4 109.902 109.904 -0.0018 0.9409 0.9409 0.0000 9.5
12 6 0 111.766 111.772 -0.0055 0.9304 0.9304 0.0000 19.7
13 3 2 112.710 112.714 -0.0044 0.9253 0.9253 0.0000 2.3
12 6 2 113.655 113.664 -0.0089 0.9203 0.9202 0.0000 6.8
8§ 8 8 117.531 117.536 -0.0046 0.9009 0.9009 0.0000 3.9
14 1 1 120.511 120.531 -0.0195 0.8872 0.8871 0.0001 1.0
14 2 0 121.541 121.549 -0.0081 0.8827 0.8827 0.0000 0.8
14 3 1 124.663 124.675 -0.0124 0.8698 0.8697 0.0000 3.3
12 8 0 125.725 125.744 -0.0186 0.8656 0.8655 0.0001 2.8
14 4 0 127.909 127.925 -0.0155 0.8574 0.8573 0.0001 16.2
14 3 3 129.083 129.039 0.0436 0.8331 0.8533 -0.0002 0.8
14 4 2 130.159 130.172 -0.0132 0.8494 0.8493 0.0000 13.8
14 5 1 133.662 133.692 -0.0302 0.8379 0.8378 0.0001 1.9
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Table 4.6. The observed and calculated structure parameters for the europium iron garnet
EusFes sAlg5012. 26,5s—position of the observed Bragg lines in degrees, 26.,~position of
the calculated Bragg lines in degrees, A(26)—the difference between 26, and 26, in
degrees, d,,,—the observed spacing distance in A, d.ar—the calculated spacing distance in
A, A(d) —the difference between d, s and dyrin A, Int—the relative intensity.

h kI 20,3, 20l A(20) doss deat Ad Tnt
2 1 1 17.376 17.402 -0.0263 5.0995 5.0919 0.0076 8.1
2 2 0 20.104 20.121 -0.0165 4.4133 4.4097 0.0036 2.1
3 21 26.702 26.722 -0.0199 3.3358 3.3334 0.0024 10.5
4 00 28.591 23.605 -0.0138 3.1196 3.1181 0.0015 23.5
4 2 0 32.057 32.067 -0.0100 2.7898 2.7889 0.0008 100.0
3 3 2 33.669 33.678 -0.0086 2.6593 2.6591 0.0007 0.9
4 2 2 35.215 35.223 -0.0080 2.5465 2.5459 0.0006 416
4 3 1 36.693 36.711 -0.0134 2.4469 2.4461 0.0009 3.8
5 2 1 39.534 39.543 -0.0094 2.2777 2.2772 0.0005 16.7
4 40 40.899 40.897 0.00183 2.2047 2.2043 -0.0001 3.7
6 1 1 44.755 44.756 -0.0009 2.0233 2.0233 0.0000 22.3
6 2 0 45.987 45.984 0.0028 1.9720 1.9721 -0.0001 0.2
6 3 1 49.529 49.527 0.0016 1.8339 1.8390 -0.0001 2.7
4 4 4 50.659 50.667 -0.0079 1.8003 1.5002 0.0003 24.2
6 4 0 52.856 52.893 -0.0065 1.7298 1.7296 0.0002 52.3
7 2 1 53.978 53.931 -0.0028 1.6974 1.6973 0.0001 8.7
6 4 2 55.049 55.054 -0.0054 1.6669 1.6667 0.0002 53.3
6 5 1 58.191 58.195 -0.0042 1.5841 1.5840 0.0001 5.0
8 0 0 59.215 59.218 -0.0032 1.5591 1.5591 0.0001 22.4
6 5 3 62.215 62.225 -0.0101 1.4910 1.4907 0.0002 1.2
6 6 0 63.216 63.209 0.0072 1.4697 1.4698 -0.0002 1.7
7 5 2 66.103 66.111 -0.0058 1.4123 1.4122 0.0001 1.4
8 4 0 67.056 67.063 -0.0074 1.3946 1.3945 0.0001 14.4
8 4 2 68.944 68.949 -0.0050 1.3609 1.3609 0.0001 34.9
9 2 1 69.879 69.883 -0.0038 1.3450 1.3449 0.0001 4.1
6 6 4 70.809 70.811 -0.0021 1.3296 1.3296 0.0000 10.2
9 3 2 73.573 73.566 0.0071 1.2563 1.2864 -0.0001 3.3
9 4 1 75.381 75.381 0.0004 1.2599 1.2599 0.0000 1.0
10 1 1 77.186 77.180 0.0057 1.2349 1.2350 -0.0001 1.6
10 2 0 78.074 78.075 -0.0013 1.2230 1.2230 0.0000 3.4
10 3 1 80.749 80.744 0.0055 1.1891 1.1892 -0.0001 5.5
10 4 0 83.395 §3.392 0.0034 1.1580 1.1580 0.0000 30.5
9 6 1 84.265 84.271 -0.0059 1.1482 1.1482 0.0001 2.0
10 4 2 85.149 85.149 0.0002 1.1386 1.1386 0.0000 13.3
11 21 87.782 87.777 0.0055 1.1111 1.1111 -0.0001 3.9
8§ 8 0 88.653 83.651 0.0019 1.1024 1.1024 0.0000 14.9
11 3 2 91.280 91.274 0.0061 1.0774 1.0775 -0.0001 2.9
10 6 0 92.150 92.149 0.0015 1.0695 1.0695 0.0000 14
9 6 5 94.767 94.776 -0.0090 1.0467 1.0467 0.0001 1.0
12 0 0 95.652 95.654 -0.0018 1.0394 1.0394 0.0000 5.3
12 2 0 97.417 97.414 0.0033 1.0252 1.0252 0.0000 7.6
10 7 1 98.296 98.296 -0.0001 1.0184 1.0184 0.0000 2.4
12 2 2 99.185 99.181 0.0044 1.0116 1.0116 0.0000 13.4
11 6 1 101.861 101.843 0.0129 0.9922 0.9923 -0.0001 1.5
9 9 2 105.445 105.447 -0.0020 0.9681 0.9681 0.0000 3.0
13 2 1 109.120 109.110 0.0105 0.9435 0.9455 -0.0001 2.2
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Table 4.6. (continued)

h k 1 20035 20cct A(28) dobs deat Ad Int
12 4 4 110.036 110.037 -0.0013 0.9402 0.9401 0.0000 8.7
12 6 0O 111.915 111.910 0.0052 0.9296 0.9296 0.0000 18.8
13 3 2 112.863 112.855 0.0078 0.9245 0.9245 0.0000 2.1
12 6 2 113.808 113.807 0.0007 0.9195 0.9195 0.0000 6.4
10 9 3 116.721 116.707 0.0137 0.9048 0.9048 -0.0001 0.6
g8 8 8 117.691 117.690 0.0008 0.9001 0.9001 0.0000 6.3
14 1 1 120.708 120.695 0.0134 0.5863 0.8864 -0.0001 0.9
14 2 0 121.714 121.717 -0.0026 0.8819 0.8819 0.0000 0.8
14 3 1 124.851 124.854 -0.0032 0.8690 0.8690 0.0000 3.0
12 8 0 125.933 125.927 0.0065 0.86438 0.5643 0.0000 2.8
14 4 0 128.128 128.117 0.0115 0.8566 0.8566 0.0000 13.8
14 4 2 130.384 130.37 0.0099 0.8436 0.8486 0.0000 12.5
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Table 4.7. The observed and calculated structure parameters for the europium iron garnet
¢ lines in degrees, 26, 4—position of
the calculated Bragg lines in degrees, A(29)—the dlfference between 26,5 and 20,4 in
degrees, d,»s—the observed spacing distance in A d..—the calculated spacing distance in

EusFeq 4Alg6012. 20,5s—position of the observed Bragg

A, A(d) —the difference between dgps and deyrin A, Int—the relative intensity.
h k1 20,45 29:4( A(‘ZB) dob: deat Ad Int
211 17.402 17.412 -0.0097 5.0919 5.0891 0.0028 6.2
2 20 20.114 20.131 -0.0174 44111 4.4073 0.0038 1.6
3 21 26.734 26.737 -0.0025 3.3319 3.3316 0.0003 9.8
4 0 0 28.622 28.621 0.0015 3.1163 3.1164 -0.0002 23.6
4 2 0 32.085 32.085 0.0003 2.7874 2.7874 0.0000 100.0
4 2 2 35.244 35.243 0.0015 2.5445 2.5446 -0.0001 45.0
4 31 36.745 36.732 0.0132 2.4439 2.4447 -0.0008 3.5
5 2 1 39.568 39.566 0.0024 2.2758 2.2759 -0.0001 18.5
4 4 0 40.923 40.920 0.0028 2.2035 2.2037 -0.0001 3.9
6 1 1 44.7381 44.781 -0.0002 2.0222 2.0222 0.0000 20.6
6 2 0 46.015 46.010 0.0046 1.9708 1.9710 -0.0002 1.1
6 3 1 49.550 49.556 -0.0033 1.8332 1.8330 0.0002 2.8
4 4 4 50.695 50.696 -0.0011 1.7993 1.7993 0.0000 28.6
6 4 0 52.925 52.923 0.0019 1.7286 1.7237 -0.0001 66.2
7 2 1 54.011 54.012 -0.0012 1.6964 1.6964 0.0000 10.8
6 4 2 55.086 55.087 -0.0005 1.6658 1.6658 0.0000 67.8
6 65 1 58.229 58.229 -0.0004 1.5832 1.5832 0.0000 6.2
8 0 O 59.251 59.253 -0.0022 1.5583 1.5582 0.0001 26.8
6 5 3 62.276 62.262 0.0137 1.4896 1.4899 -0.0003 1.7
6 6 0 63.246 63.247 -0.0006 1.4691 1.4691 0.00001 1.9
7T 5 2 66.151 66.151 0.0002 1.4115 1.4113 0.0000 1.8
8§ 4 0 67.104 67.104 -0.0002 1.3937 1.3937 0.0000 16.7
8 4 2 65.991 65.991 -0.0003 1.3601 1.3601 0.0000 46.4
9 2 1 69.925 69.926 -0.0008 1.3442 1.3442 0.0000 5.8
6 6 4 70.854 70.855 -0.0008 1.3289 1.3289 0.0000 14.8
§ 5 1 71.805 71.779 0.0264 1.3136 1.3140 -0.0004 0.9
9 3 2 73.615 73.612 0.0031 1.2857 1.2857 0.00G0 5.5
9 4 1 75.425 75.428 -0.0031 1.2593 1.2592 0.0000 0.9
10 1 1 77.242 77.229 0.0126 1.2341 1.2343 -0.06002 1.7
10 2 0 78.129 78.125 0.0038 1.2223 1.2224 0.0000 4.3
10 3 1 80.793 80.796 0.0022 1.1885 1.1886 0.0000 6.1
10 4 0 83.450 83.446 0.0036 1.1574 1.1574 0.0000 41.0
9 6 1 §4.328 84.327 0.0015 1.1476 1.1476 0.0000 3.0
10 4 2 85.212 85.205 0.0067 1.1379 1.1380 -0.0001 18.2
11 2 1 87.842 87.836 0.0063 1.1105 1.1105 -0.0001 5.5
8 8 0 88.711 88.711 -0.0003 1.1018 1.1018 0.0000 19.4
11 3 2 91.339 91.337 0.0022 1.0769 1.0769 0.0000 3.9
10 6 O 92.214 92.212 0.0016 1.0689 1.0659 0.0000 1.8
9 6 5 94.852 94.843 0.0091 1.0460 1.0461 -0.0001 1.5
i2 0 0 95.725 95.722 0.0032 1.0338 1.0338 0.0000 8.0
12 2 0 97.488 97.484 0.0043 1.0246 1.0247 0.0000 9.7
10 7 1 98.370 98.367 0.0027 1.0178 1.0178 0.0000 3.8
12 2 2 99.257 99.253 0.0041 1.0111 1.0111 0.0000 17.7
11 6 1 101.930 101.924 0.0061 0.9917 0.9917 0.0000 1.9
9 9 2 105.528 105.5628 0.0001 0.9675 0.9675 0.0000 4.7
10 8 2 106.441 106.438 0.0028 0.9617 0.9618 0.0000 0.8
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Table 4.7. (continued)

h k 1| 20 0bs 20 car. A(29) doss d.at Ad Int
13 2 1 109.200 109.196 0.0040 0.9450 0.9450 0.0000 2.4
12 4 4 110.126 110.125 0.0007 0.9396 0.9396 0.0000 11.6
12 6 0 112.002 112.001 0.0010 0.9291 0.9291 0.0000 26.8
13 3 2 112.946 112.948 -0.0020 0.9240 0.9240 0.0000 3.2
12 6 2 113.903 113.902 0.0013 0.9190 0.9190 0.0000 8.2
8 8§ 8 117.786 117.792 -0.0060 0.8997 0.8996 0.0000 6.0
14 1 1 120.791 120.803 -0.0118 0.8860 0.8859 0.0001 1.5
14 2 0 121.812 121.827 -0.0151 0.8815 0.8815 0.0001 0.8
14 3 1 124.967 124.972 -0.0052 0.8636 0.8685 0.0000 48
12 8 0 126.037 126.047 -0.0102 0.8644 0.8643 0.0000 4.4
14 4 0 128.235 128.243 -0.0081 0.8562 0.8562 0.0000 21.3
14 3 3 129.353 129.366 -0.0131 0.8522 0.8521 0.0000 0.8
14 4 2 130.501 130.507 -0.0063 0.8482 0.8482 0.0000 17.5
14 5 1 134.064 134.057 0.0075 0.8366 0.8366 0.0000 2.3
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Table 4.8. The observed and calculated structure parameters for the europium iron garnet
EusFe42Alps0)2. 26,5s—position of the observed Bragg lines in degrees, 20.,~position of
the calculated Bragg lines in degrees, A(28)—the difference between 26, and 20, in
degrees, d,ps—the observed spacing distance in A, d.,—the calculated spacing distance in
A, A(d) —the difference between d, 5 and deyrin A, Int—the relative intensity.

h k1 20,5+ 20cat A(28) doss deat Ad Int .
2 11 17.415 17.431 -0.0156 5.0882 5.0837 0.0045 9.0
2 20 20.138 20.153 -0.0154 4.4059 4.4026 0.0033 23
3 2 1 26.769 26.766 0.0031 3.3276 3.3280 -0.0004 11.8
4 0 0 28.652 28.652 0.0010 3.1131 3.1131 0.0000 23.5
4 2 0 32.122 32.120 0.0018 2.7843 2.7844 -0.0002 100.0
3 3 2 33.742 33.734 0.0083 2.6542 2.6548 -0.0006 0.6
4 2 2 35.287 35.282 0.0052 2.5415 2.5418 -0.0004 39.0
4 3 1 36.777 36.773 0.0041 2.4418 2.4421 -0.0003 2.8
5 2 1 39.619 39.610 0.0090 2.2730 2.2735 -0.0005 15.7
4 4 0 40.977 40.966 0.0107 2.2007 2.2013 -0.0006 3.2
6 1 1 44.843 44.832 0.0109 2.0196 2.0200 -0.0005 176
6 2 0 46.074 46.063 0.0112 1.9684 1.9689 -0.0005 0.4
6 3 1 49.621 49.613 0.0082 1.8357 1.8360 -0.0003 24
4 4 4 50.763 50.755 0.0084 1.7971 1.7973 -0.0003 18.1
6 4 0 52.993 52.985 0.0084 1.7266 1.7268 -0.0003 37.6
7 2 1 54.0582 54.075 0.0063 1.6944 1.6945 -0.0002 7.1
6 4 2 55.158 55.151 0.0071 1.6638 1.6640 -0.0002 38.7
6 5 1 58.304 538.298 0.0057 1.5813 1.5814 -0.0001 4.0
8 0 O 59.329 59.324 0.0055 1.5564 1.5565 -0.0001 12.0
8§ 11 60.338 60.338 0.0001 1.5328 1.5328 -0.0000 0.2
8§ 2 0 61.351 61.342 0.0038 1.5099 1.5101 -0.0002 0.2
6 5 3 62.342 62.337 0.0051 1.4882 1.4883 -0.0001 1.1
6 6 0 63.326 63.323 0.0033 1.4675 1.4675 -0.0001 0.8
7 85 2 66.232 66.231 0.0007 1.4099 1.4099 -0.0000 0.9
8§ 4 0 67.190 67.186 0.0039 1.3921 1.3922 -0.0001 9.1
8 4 2 69.081 69.076 0.0048 1.3586 1.3587 -0.0001 22.5
9 2 1 70.015 70.012 0.0027 1.3427 1.3428 -0.0000 2.7
6 6 4 70.947 70.943 0.0042 1.3274 1.3274 -0.0001 6.9
8 5 1 71.869 71.868 0.0009 1.3126 1.3126 -0.0000 0.4
9 3 2 73.709 73.704 0.0046 1.2843 1.2844 -0.0001 24
9 4 1 75.529 75.524 0.0053 1.2578 1.2579 -0.0001 07
10 1 1 77.329 77.328 0.0008 1.2330 1.2330 -0.0000 0.9
10 2 0 78.228 78.226 0.0025 1.2210 1.2211 -0.0000 2.0
10 3 1 80.906 80.901 0.0050 1.1872 1.1873 -0.0001 3.1
10 4 0 83.563 83.857 0.0064 1.1561 1.1562 -0.0001 18.2
9 6 1 84.442 84.439 0.0035 1.1463 1.1463 -0.0000 1.2
10 4 2 85.324 85.319 0.0050 1.1367 1.1367 -0.0001 7.8
11 2 1 87.962 87.955 0.0072 1.1093 1.1093 -0.0001 2.5
8 8 0 88.837 88.832 0.0049 1.1006 1.1006 -0.0000 8.0
11 3 2 91.466 91.463 0.0026 1.0757 1.0757 -0.0000 1.7
10 6 0 92.343 92.341 0.0021 1.0678 1.0678 -0.0000 0.8
g 6 5 94.982 94.978 0.0045 1.0449 1.0450 -0.0000 0.6
12 0 0O 95.860 95.858 0.0016 1.0377 1.0377 -0.0000 3.0
12 2 0 97.628 97.625 0.0033 1.0236 1.0236 -0.0000 4.0
10 7 1 98.510 98.511 -0.0005 1.0167 1.0167 0.0000 14
12 2 2 99.396 99.393 -0.0023 1.0100 1.0100 0.0000 7.4
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Table 4.8. (continued)

h k 1 28,5, 20cat A(20) doss deat Ad Int
11 6 1 102.073 102.076 -0.0034 0.9907 0.9907 0.0000 0.8
9 9 2 105.693 105.691 0.0024 0.9665 0.9665 0.0000 1.9
10 8 2 106.592 106.604 -0.0116 0.9608 0.9607 0.0001 0.2
13 21 109.375 109.370 .0.0049 0.9440 0.9440 0.0000 1.0
12 4 4 110.298 110.302 -0.0044 0.9387 0.9386 0.0000 4.3
12 6 0 112.180 112.184 -0.0043 0.9282 0.9231 0.0000 9.6
13 3 2 113.127 113.135 -0.0077 0.9231 0.9230 0.0000 1.2
12 6 2 114.085 114.092 -0.0069 0.9180 0.9180 0.0000 3.3
10 9 3 117.036 117.008 0.0276 0.9033 0.9034 -0.0001 0.2
8 8 8 117.993 117.997 -0.0041 0.8987 0.8987 0.0000 2.9
14 1 1 121.018 121.021 -0.0026 0.85830 0.8549 0.0000 0.5
14 2 0 122.025 122.050 -0.0246 0.8306 0.8805 0.0001 0.3
14 3 1 125.205 125.210 -0.0048 0.8676 0.8676 0.0000 1.6
12 8 0 126.274 126.291 -0.0165 0.8635 0.8634 0.0001 14
14 4 0 128.490 128.498 -0.0084 0.8353 0.8552 0.0000 7.6
14 4 2 130.764 130.776 -0.0121 0.8473 0.8473 0.0000 6.6
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Table 4.9. The observed and calculated structure parameters for the europium iron garnet
EusFe; Al O)a. 20,,,—position of the observed Bragg lines in degrees, 20,.,—position of the
calculated Bragg lines in degrees, A(26)—the difference between 26, and 28,4 in
degrees, d,,s—the observed spacing distance in A, d.,—the calculated spacing distance in
A, A(d) —the difference between d, s and d.in A, Int—the relative intensity.

h k 1 2805, 294:;:[ A(‘Ze) dob: dca! Ad Int
2 11 17.428 17.446 -0.0184 5.0844 5.0791 0.0053 9.5
2 20 20.163 20.172 -0.0087 44005 4.3936 0.0019 2.2
3 21 26.734 26.790 -0.0064 3.3258 3.3250 0.0008 11.3
4 0 O 28.674 28673 -0.0044 3.1108 3.1103 0.0005 22.0
4 2 0 J2.151 32.150 0.0011 2.7818 2.7819 -0.0001 100.0
4 2 2 35.318 35.315 0.0034 2.5393 2.5393 -0.0002 39.7
4 3 1 36.814 36.807 0.0068 2.4395 2.4399 -0.0004 24
5 2 1 39.656 39.647 0.0088 2.2709 22714 -0.0005 17.8
4 4 0 41.015 41.005 0.0101 2.1988 2.1993 -0.0005 3.6
6 1 1 44.889 44.875 0.0143 2.0176 2.0182 -0.0006 21.5
6 2 0 46.124 46.107 0.0173 1.9664 1.9671 -0.0007 0.6
6 3 1 49.678 49.661 0.0173 1.8337 1.8343 -0.0006 3.3
4 4 4 50.818 50.804 0.0144 1.7952 1.7957 -0.0005 23.2
6 4 0 53.052 53.036 0.0159 1.7243 1.7253 -0.0005 51.6
7T 2 1 54.143 54.128 0.0151 1.6926 1.6930 -0.0004 10.0
6 4 2 55.220 55.205 0.0152 1.6621 1.6625 -0.0004 51.9
6 5 1 58.373 58.356 0.0171 1.5796 1.5500 -0.0004 5.5
8§ 0 0 59.402 59.382 0.0197 1.5547 1.5551 -0.0005 22.0
6 5 3 62.421 62.399 0.0216 1.4865 1.4870 -0.0005 1.5
6 6 0 63.402 63.386 0.0156 1.4659 1.4662 -0.0003 1.4
7 5 2 66.313 66.299 0.0153 1.4084 1.4087 -0.0003 14
8 4 0 67.269 67.235 0.0143 1.3907 1.3910 -0.0003 12.5
§ 4 2 69.162 69.147 0.0147 1.3572 1.3574 -0.0003 33.6
9 2 1 70.099 70.085 0.0144 1.3413 1.3416 -0.0002 4.0
6 6 4 71.029 71.016 0.0126 1.3260 1.3262 -0.0002 10.3
§ 5 1 71.957 71.943 0.0140 1.3112 1.3114 -0.0002 0.9
9 3 2 73.791 73.782 0.0097 1.2831 1.2832 -0.0001 3.7
9 4 1 75.608 75.60: 0.0043 1.2367 1.2567 -0.0001 1.1
10 1 1 77.436 77.411 0.0252 1.2315 1.2319 -0.0003 1.3
10 2 0 78.322 78.310 0.0125 1.2198 1.2200 -0.0002 3.4
10 3 1 80.994 50.9389 0.0049 1.1562 1.1862 -0.0001 5.3
10 4 0 83.656 83.649 0.0071 1.1551 1.1551 -0.0001 29.4
9 6 1 84.537 84.532 0.00438 1.1452 1.1453 -0.0001 2.1
10 4 2 85.420 85414 0.0058 1.1357 1.1357 -0.0001 12.0
11 2 1 §8.058 §3.054 0.0035 1.1083 1.1083 -0.0000 4.6
8§ 8 0 88.939 88.933 0.0056 1.0996 1.0997 -0.0001 13.2
11 3 2 91.571 91.569 0.0016 1.0747 1.0747 -0.0000 3.3
10 6 O 92.448 92.448 -0.0005 1.0668 1.0668 0.0000 14
9 6 5 95.101 95.090 0.0103 1.0439 1.0440 -0.0001 1.1
12 0 0 95.969 95.973 -0.0039 1.0368 1.03G68 0.0000 5.1
12 2 0 97.745 97.743 0.0022 1.0226 1.0227 0.0000 6.7
10 7 1 95.628 98.630 -0.0024 1.0158 1.0158 0.0000 2.5
12 2 2 99.521 99.520 0.0009 1.0091 1.0091 0.0000 12.5
11 6 1 102.197 102.204 .-0.0072 0.9898 0.9893 0.0001 1.6
9 9 2 105.824 105.827 -0.0030 0.9656 0.9656 0.0000 3.6
10 8 2 106.723 106.742 -0.0193 0.9600 0.9599 0.0001 0.5
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_Table 4.9. (continued)

h k1 2005, 20t A(29) Dot deat Ad Tnt
13 2 1 109.500 109.516 ~0.0160 0.9433 0.9432 0.0001 20
12 4 4 110.436 110.451 -0.0149 0.9379 0.9373 0.0001 8.0
12 6 0 112.323 112.333 -0.0152 0.9274 0.9273 0.0001 17.6
13 3 2 113.274 113.291 -0.0173 0.9223 0.9222 0.0001 23
12 6 2 114.235 114.251 -0.0164 0.9173 0.9172 0.0001 6.3
8 8 8 118.155 118.169 -0.0142 0.8979 0.8979 0.0001 5.1
14 1 1 121.171 121.204 -0.0325 0.8843 0.8842 0.0001 1.1
14 2 0 122.194 122.236 -0.0424 0.8799 0.8797 0.0002 06
14 3 1 125.386 125.409 -0.0235 0.8669 0.8668 0.0001 3.3
12 8 0 126.466 126.495 -0.0288 0.8627 0.8626 0.0001 25
14 4 0 128.678 128.713 -0.0349 0.8546 0.8545 0.0001 144
14 3 3 129.832 129.843 -0.0160 0.8505 0.8505 0.0001 0.9
14 4 2 130.966 131.002 -0.0361 0.8466 0.8465 0.0001 12.9
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Table 4.10. The observed and calculated structuwe parameters for the sample
EusFe3 sAl; sO1a. 20,ps—position of the observed Bragg Hines in degrees, 26,,—position of
the calculated Bragg lines in degrees, A(29)—-the difference between 28,5, and 28 in
deorees d.ss— the observed spacing distance in A d.q— the calculated spacing distance in
A, A(d) —the difference between dys; and deurin A, Int—the relative intensity.

h k | 20,5, 20cal A(20) Aot deat Ad Tat
2 1 1 17.528 17514 0.0140 505356 5.0596 -0.0040 12.9
2 20 20.275 20.250 0.0249 4.37764 4.3817 -0.0053 3.4
3 2 1 26.913 26.895 0.0176 3.37102 3.3123 -0.0021 16.6
4 00 28.796 28.791 0.0049 3.0973 3.0084 -0.0005 23.3
4 2 0 32.288 32.276 0.0111 9.77703 27713 -0.0009 100.0
3 3 2 33.921 33.898 0.0223 26406 2.6423 -0.0017 1.0
4 2 2 35.461 35.454 0.0062 2.5%294 2.5298 -0.0004 36.1
4 3 1 36.958 36.953 0.0042 2.43303 2.4306 -0.0003 3.2
5 2 1 39.820 39.806 0.0140 2.26620 2.2627 -0.0008 21.0
4 40 41.180 41.169 0.0104 2.12904 2.1909 -0.0005 35
6 1 1 45.065 45.056 0.0083 2.07101 2.0105 -0.0004 22.0
6 2 0 46.307 46.294 0.0127 1.9591 1.9596 -0.0005 0.6
5 4 1 47.651 47507 0.1442 1.9%069 1.9124 -0.0055 3.7
6 3 1 49.872 49.864 0.0076 1.8271 1.8273 -0.0003 3.3
4 4 4 51.020 51.013 0.0071 1.7:386 1.7888 -0.0002 21.2
6 4 0 53.259 53.256 0.0030 1.7 186 1.7187 -0.0001 0.0
7 2 1 54.359 54.353 0.0059 1.6:364 1.6865 -0.0002 9.9
6 4 2 55.442 55.435 0.0067 1.6-560 1.6561 -0.0002 42.9
6 5 1 58.608 58.602 0.0060 1.57738 1.5740 -0.0001 5.6
§ 00 59.625 59.634 -0.0086 1.5-494 1.5492 0.0002 24.4
6 5 3 62.651 62.666 -0.0154 1.4 816 1.4813 0.0003 1.3
6 6 0 63.651 63.659 -0.0076 1.4 607 1.4606 0.0002 14
7 5 2 66.568 66.587 -0.0186 1.4.036 1.4033 0.0003 1.4
8 4 0 67.540 67.548 -0.0080 1.3.858 1.3856 0.0001 9.4
8§ 4 2 69.445 69.451 -0.0062 1.3.523 1.3522 0.0001 27.1
9 2 1 70.388 70.394 -0.0058 1.3:365 1.3364 0.0001 3.8
6 6 4 71.322 71.331 -0.0090 1.3:213 1.3211 0.0001 6.8
8§ 5 1 72.275 72.263 0.01200 1.3:062 1.3064 -0.0002 0.4
9 3 2 74.124 74.113 0.01120 1.22781 1.2783 -0.0002 3.0
9 4 1 75.987 75.946 0.04120 1.25514 1.2519 -0.0006 0.7
10 1 1 77.756 T7.764 -0.0082 1.20272 1.2271 0.0001 0.9
10 2 0 75.666 78.669 -0.0027 1.22153 1.2153 0.0000 2.4
10 3 1 81.357 81.366 -0.0088 1.1818 1.1817 0.0001 4.2
10 4 0 84.039 84.044 -0.0047 1.1.508 1.1507 0.0001 18.4
9 6 1 84.929 84.933 -0.0042 1.1410 1.1409 0.0000 1.7
10 4 2 85.820 85.822 -0.0015 1.L314 1.1314 0.0000 7.7
i1 2 1 88.452 88.481 0.0010 1.1:041 1.1041 0.0000 3.4
8 8 0 89.416 89.367 0.0494 1.00950 1.0954 -0.0005 11.4
11 3 2 92.050 92.023 0.0270 1.0704 1.0706 -0.0002 2.4
10 6 0 92.912 92.909 0.0028 1.0627 1.0627 -0.0000 0.8
9 6 5 95.525 95.573 -0.0478 1.0404 1.0400 0.0004 0.5
12 0 0 96.432 96.463 -0.0311 1.0330 1.0323 0.0003 1.9
12 2 0 98.184 98.249 -0.0645 1.0192 1.0187 0.0005 5.0
10 7 1 99.099 99.144 -0.0452 1.0123 1.0119 0.0003 1.6
12 2 2 100.016 100.042 -0.0261 1.0054 1.0052 0.0002 6.8
11 6 1 102.780 102.752 0.0282 0.9858 0.9860 -0.0002 0.6
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Table 4.10. (continued)

h k 1 2906, 26cal A(29) dcb, dcal Ad Int
9 9 2 106.4138 106.412 0.0063 0.9619 0.9619 -0.0000 - 1.9
13 2 1 110.112 110.142 -0.0299 0.9397 0.9395 0.0002 1.6
12 4 4 111.069 111.088 -0.0188 0.9343 0.9342 0.0001 4.3
12 6 0 113.006 112.998 0.0077 0.9237 0.9238 0.0000 9.4
12 6 2 114.870 114.936 -0.0661 0.9140 09137 0.0003 2.7
8 8 8 118.956 118.909 0.0472 0.8942 0.8944 -0.0002 2.4
14 1 1 122.079 ‘121.990 0.0889 0.8804 0.8808 -0.0004 0.5
14 4 0 129.562 129.6338 -0.0763 0.8515 0.8512 0.0003 10.7
14 4 2 131.888 131.978 -0.0899 0.8436 0.8433 0.0003 6.9
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Table 4.11. The cubic lattice constant a of the EusFes..Al,O;; series.

X a (A)

0.0 12.5010(4)

0.1 12.4938(3)

0.15 . - 12.4508(4)

0.2 12.4898(1)

03 12.4824(2)

0.5 12.4729(3)

0.6 12.4658(2)

0.8 12.4531(2)

1.0 - 12.4408(4)

1.5 12.3956(9)
12’52:1|Illllllll[lllllllll[lllllllll[l:
1250 - © =

= Coo -
12.48 | © =
- o =
12.46 | ° 3
[ o -
12.44 |- o =
12.42 =
12.40 = o
12.38:1lllllL[lllllllllllllllllllllllll:
0.0 0.5 1.0 1.5
X

Fig. 4.1 The lattice constant « as a function of the nominal composition x for the
EusFes (AlO;a series. ’



4.1.2 The Rietveld analysis

Table 4.12 displays the cubic lattice constants (derived from the refinement using
all the observed reflections and the structure refined parameters), occupancy factors for
each type of atom in each site, calculated compositions and final positions of oxygen ions
and R-values. Due to the quality of the collected spectra, only the spectra from
polycrystalline samples x = 0.0, 0.1, 0.2, 0.3, 0.5, 0.6, 0.8 and 1.0 could be refined by the
Rietveld method. The plots of raw, calculated and difference spectra for the
polycrystalline samples are shown in Figs. 4.2—4.9. It should be pointed out that the a
values derived from the Rietveld refinement agree with the values from the peak indexing
programs. From the data of occupancy factors, we observe a substitution of Fe ions by Al
ions in both the a and d sites. However, the cation distribution derived from the Rietveld
method does not agree with the nominal composition x for each sample due to the close
scattering factors of Al and Fe atoms. This fact may indicate that more accurate method

should be used to determine the cation distribution for the EusFes (Al O, series.
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Table 4.12. The refined a values, R-values, site occupancies and calculated iron
distribution for the EusFe,.sAl Q15 series. The lattice constants and atomic parameters are
in A. Rg—Rietveld Bragg agreement index, Rp—Rietveld profile agreement index,
R,,—weighted Rietveld profile agreement index, Rup(expected)—the expected Ryp values.

Nominal
composition 0.0 0.1 0.2 0.3 0.5 0.6 0.8 1.0
X
Lattice constant  12.499(8) 12.494(1) 12.487(1) 12.482(6) 12.469(2) 12.464(2) 12451(1) 12.440(9)
Atomic
Parameters (O)
X -0.0268(4) -0.0300(5) -0.0299(1) -0.0283(4) -0.0261(9) -0.0249(3) -0.0319(9) -0.0258(2)
y 0.0576(2) 0.0567(4) 0.0581(3) 0.0584(2) 0.0555(6) 0.0590(5) 0.0544(9) 0.0556(7)
z 0.1515(9) 0.1525(4) 0.11505(1) 0.1507¢(1) 0.1506(6) 0.1521(4) 0.1512(2) 0.1516(8)
Site occupancy
factor
c: Eu(1/8,0,1/4) 0.25
a: (0,0,0)
Fe 0.166(7) 0.1617(6) 0.1545(6) 0.1658(9) 0.1652(6) 0.1661(7) 0.1637(9) 0.1653(1)
Al 0 0.0121(1) 0.0049(1) 0.0007(8) 0.0014(1) 0.0005(1) 0.0028(8) 0.0013(7)
d: (3/8,0,1/4)
Fe 0.25 0.2473(1) 0.1984(5) 0.1852(5) 0.1878(3) 0.1631(7) 0.2109(7) 0.1883(1)
Al 0 0.0026(9) 0.0515(5) 0.0621(7) 0.0621(7) 0.0868(3) 0.0390(3) 0.0616(2)
Cation
distribution
a: Fe 2.0 1.85(4) 1.94(1) 1.99(1) 1.98(2) 1.99(4) 1.96(5) 1.98(3)
Al 0.0 0.14(6) 0.05(9) 0.009 0.01L(8) 0.006 0.03(5) 0.01(7)
d: Fe 3.0 2.96(7) 2.38(1) 2.22(3) 2.25(3) 1.95(8) 2.53(1) 2.25(9)
Al 0.0 0.03(3) 0.61(9) 0.77(7) 0.74(7) 1.04(2) 0.46(9) 0.74(1)
R factors
Rg 16.34 8.93 10.36 11.22 9.30 10.70 8.19 8.56
Rp 20.25 13.11 14.92 14.39 15.30 14.37 8.94 14.44
Rup 27.87 18.15 21.61 21.08 22.11 19.93 11.70 19.16
Ryp(expected) 5.43 3.35 4.45 3.95 5.13 3.70 1.07 3.49
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4.2 °"Fe Mossbauer spectroscopy

In the europium iron garnet series, the iron atoms occupy both the a and d sites in
the crystal structure. Since different sites in the crystal structure have different electronic
environments, the iron atoms at different sites will have different quadrupole splittings
and isomer shifts if the measurement is made above the Néel temperature of the samples.
For examples, the spectra of the studied samples with x = 0.0, 1.0, and 1.5, fitted to two
doublets from the Fe atoms in the a and d sites, are shown in Figs. 4.10-4.12. The
doublet with larger absorption area is due to Fe** ions in the 4 site since more Fe atoms
occupy the d site.

Since two lines overlap in the main absorption line at ~0.4 mm/s in the MS
spectra (Figs. 4.10—4.12), the spectra are also fitted by trading the places of these two
lines. The fitted results show that the area of the doublet from the Fe atoms in the a site
is larger than that in the d site at the temperature above 700 °C. This is at variance with
the known fact that there are more Fe atoms in the d site than in the a site!"81, Therefore,
the positions of the two doublets are chosen as shown in Figs. 4.10-4.12.

The amount of iron atoms in the @ and d sites in the garnet structure is related to
the relative area of the corresponding subspectrum. There are many factors that can
influence the relative areas®. In many cases, those factors are assumed to be equal for
the a and d sites even though they are not in reality. In this thesis, unequal recoil-free
fractions were considered for the a and d sites®*, respectively. The amount of iron atoms
in the ¢ and d sites were derived not only from the raw spectra, assuming that the used

Mdssbauer absorbers are thin®®’>*®%1, but also from the thickness-corrected spectra.
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Assuming that the Debye model gives a satisfactory description of the vibration
modes of the EusFes .Al,O,2 series, the temperature dependence of the recoil-free fraction
f is given by Eq. 2.44. By using this equation, f can be calculated if the Mossbauer
temperature fp is known. Garnets have a structure which is very complicated. Different
sites have different lattice vibrations. Therefore, two Md&ssbauer temperatures were
introduced for the respective a and d sites in this research’®l,

When determining the amount of iron atoms in the a and d sites in the
EusFes..Al O, series by assuming the Debye vibration model, it is necessary to know the
respective f or 6p'%"). It can be seen From Eq. 2.43 that the area of a doublet in a spectrum
is proportional to the product of the number of iron atoms, n, and the corresponding f. In
order to determine the Debye temperatures, MS spectra were recorded in the temperature
range 2981023 K for the three samples with x = 0.0, 1.0 and 1.5. The results from the
two-doublet fitting model are listed in Tables 4.13—4.15. A comparison of the room
temperature spectra before and after the temperature scan was performed in order to see if
there was any cation redistribution due to the heating process. It should be pointed out
that the room temperature spectra of the sample with x = 1.5 before and after the
temperature scan showed the rearrangement of iron atoms in the crystal structure.
Therefore, only those spectra without cation redistribution were analyzed.

The changes in the absorption area of a doublet A(7) are only proportional to

the changes of the ffor the relevant site, which can be seen in Eq. 2.43. The combination

of Eq. 2.43 and Eq. 2.44 gives
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Fig. 4.10. 57Fe MS spectrum of EusFesO;; (T = 573 K) fitted with two symmetric
doublets corresponding to the a and d sites, respectively. The velocity scale is relative to
iron foil.
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Fig. 4.11. ?Fe MS spectrum of EusFe4Al;O1, (T = 573 K) fitted with two symmetric
doublets corresponding to the a and d sites, respectively. The velocity scale is relative to
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doublets corresponding to the a and d sites, respectively. The velocity scale is relative to

iron foil.
85



_Ez 1 2 8pIT dx
A(T)=k-n-exp| ———| —+ T., I a . 4.1)
Mc*kB, (4 0, ¢ e —1

k and n are constant for each site in a temperature scan if the same absorber is used.

Therefore, one finds that

an _ [ £
ln[ A(RT)} = ln[f(RT) ] . 4.2)

where A(T) is the doublet area at temperature 7, A(RT) is the doublet area at room
temperature, f{T) is the recoil-free fraction at temperature T and f{RT) is the recoil-free
fraction at room temperature. By combining Eq. 4.1 and Eq. 4.2, it can be seen that the
set of data, In[A(T)/A(RT)] versus temperature 7, can be related to 6p. The Op values
determined from the relationship In[A(T)/A(RT)] versus T for the samples with x = 0.0,
1.0 and 1.5 are shown in Figs. 4.13—4.15. For each sample, the @p for the a site is
different from 6p, for the d site in the Debye approximation for lattice vibrations.

Based on the fp values for each particular site, the corresponding values of f at

any temperature can be calculated by using Eq. 2.44. The ratio of the doublet areas from

ndfll

n,Jq4

A
the a and d sites for a studied sample can be written as A—“= , where the subscripts
d

a and d denote the a and d sites, respectively. Therefore, n,/ny can be solved.
Furthermore, the iron distribution can be calculated since the total amount of iron atoms
in one garnet chemical formula for each sample is known from the nominal composition

x. The values of 8p, cation distribution for the respective a and d sites in the three studied
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Table 4.13. The MS parameters for EusFesO;». CS, QS and A refer to the center shift
(relative to iron foil), quadrupole splitting and relative area, respectively.

a site d site
T(K) CS (@mm/s) QS (mm/s) A (% -mm/s) CS (mm/s) QS (mm/s) A (%-mmy/s)
298 0.306(4) 0.428(1) 0.053(3) 0.0154) 0.849(8) 0.094(4)
573 0.136(3) 0.447(2) 0.046(1) -0.157(9) 0.841(1) 0.080(2)
623 0.108(4) 0.447(5) 0.044(7) -0.188(6) 0.837(2) 0.077(4)
673 0.075(7) 0.449(1) 0.043(3) -0.222(4) 0.838(4) 0.074(9)
773 0.012(8) 0.451(9) 0.040(2) -0.284(8) 0.834(1) 0.069(8)
873 -0.046(5) 0.453(1) 0.038(4) -0.346(9) 0.830(2) 0.064(5)

Table 4.14. The MS parameters for EuzFe;Al;02. CS, QS and A refer to the center shift
(relative to iron foil), quadrupole splitting and relative area, respectively.

a site d site
T(K) CS (@mm/s) QS (mm/s) A (%-mm/s) CS (mm/s) QS (mm/s) A (%-mm/s)
298 0.323(7) 0.442(9) 0.066(6) 0.009(4) 0.836(1) 0.094(5)
473 0.216(5) 0.438(9) 0.060(1) -0.103(6) 0.826(1) 0.084(2)
573 0.152(1) 0.442(1) 0.057(3) -0.169(5) 0.822(9) 0.079(1)
673 0.083(1) 0.441(6) 0.054(3) -0.241(3) 0.816(1) 0.072(9)
773 0.018(8) 0.443(5) 0.049(7) -0.307(5) 0.817(5) 0.065(9)
873 -0.039(4) 0.443(1) 0.046(7) -0.370(1) 0.805(4) 0.061(8)
973 -0.097(4) 0.433(9) 0.026(4) -0.431(1) 0.801(6) 0.032(3)

Table 4.15. The MS parameters for EusFe; sAl;s012. CS, QS and A refer to the center
shift (relative to iron foil), quadrupole splitting and relative area, respectively.

a site d site
T(K) CS (mm/s) QS (mm/s) A (%-mnvs) CS (mmv/s) QS (mm/s) A (%-mmy/s)
298 0.329(2) 0.410(8) 0.041(2) 0.002(1) 0.828(2) 0.046(1)
423 0.248(5) 0.407(4) 0.039(1) -0.088(6) 0.817(9) 0.042(4)
523 0.179(5) 0.410(5) 0.036(5) -0.160(1) 0.812(2) 0.040(1)
623 0.111(1) 0.410(1) 0.035(2) -0.230(1) 0.805(9) 0.037(1)
723 0.045(4) 0.408(3) 0.033(1) -0.298(5) 0.799(1) 0.034(1)
823 -0.017(6) 0.402(9) 0.032(6) -0.369(2) 0.785(8) 0.030(1)
923 -0.080(3) 0.400(7) 0.031(7) -0.436(1) 0.780(7) 0.028(2)
1023  -0.143(1) 0.404(9) 0.027(6) -0.497(4) 0.769(1) 0.025(1)
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samples are given in Table 4.16.

It can be seen from the cation distribution given in Table 4.16 that the Al atoms
occupy both the a and d sites in the studied samples with x > 0. This agrees with the
results from the Rietveld analysis in the XRD measurements (Table 4.12). Since more Al
atoms occupy the d site than the a site, it can be concluded that Al atoms preferentially
enter the d sites due to the smaller size of Al atem. This proves that the average Y-O
distance is larger than the average Z—O distance in the garnet structure®). The cation
distribution from the MS measurements are more reliable than the results from the XRD
measurements. The main reason for this is that MS is sensitive to the local environment
around the iron nucleus at the specific site (the short-range order), whereas XRD
parameters are obtained based on the mean structure of the whole crystal (the long-range
order).

The effective resonance absorber thickness is defined as T = nfo, where fis the
recoilless fraction, n is the number of resonant nuclei per cm? and oy is the maximum
resonant crdss-section. The values of T for the respective a and 4 sites in the three studied
samples were calculated based on the corresponding f values®)!, as shown in Table 4.16.
It can be seen that they are all smaller than one at room temperature. Thus the condition
T<<l1 is not fulfilled and the assumption of thin absorbers is not valid.

The thickness correction has been done by simulating thin-limit folded spectrum
from a statistically ideal fit to the raw folded spectrum using Voigt lines®% %%, The
derived 6p values based on the thickness correction are presented in Figs. 4.16—4.18, and
the corresponding cation distributions are also given in Table 4.16. It turns out that the

cation distributions after the thickness correction are very close to the values without
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thickness correction. It can been seen in Table 4.16 that the 8p or f values change a lot
after the thickness correction. For the thickness-corrected spectra, A(T) for a specific site
changes in the same direction as the corresponding f{T). Therefore, the value of n does
not change significantly since A(T) and f{T) cancel each other (Eq. 2.43).

There is another way to determine the Mdssbauer temperatures in the studied
samples by assuming the Debye vibration mode. ¢ is a function of T and 6p is the only
unknown parameter in the expression of 6(T) (Eq. 2.47). Therefore, 8p can be fitted from
6 versus T. In order to use this method, more measurements should be made in the low-

temperature region4.

Table 4.16. The values of 6p, cation distribution and effective resonance absorber
thickness at room temperature T(RT) for the respective a and d sites in the studied
samples with nominal composition x = 0.0, 1.0 and 1.5. * denotes the values after
thickness correction.

Nominal a site d site
composition
X 6 (K) Cation distribution  T(RT) 6p (K) Cation distribution T(RT)
0.0 485(4) Fe: 1.779(6) 0.86(7) 457(3) Fe: 3.220(3) 0.47(9)
Al: 0.0 Al: 0.0
0.0* 406 (4)* Fe: 1.753 (9)* 474(4)* Fe: 3.247(8)*
Al: 0.0* Al: 0.0%
1.0 473(6) Fe: 1.612(2) 0.71(8) 429(4) Fe: 2.387(7) 0.62(6)
Al: 0.387(8) Al: 0.612(3)
1.0* 397(8)* Fe: 1.586(4)* 503(8)* Fe: 2.413(6)*
Al: 0.413(6)* Al: 0.586(4)*
1.5 511(6) Fe: 1.606(8) 0.78(8) 440(4) Fe: 1.893(1) 0.53(4)
Al: 0.393(2) Al: 1.106(9)
1.5% 458(10)* Fe: 1.813(6)* 450(7)* Fe: 1.686(4)*
Al: 0.186(4)* Al: 1.313(6)*
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In[A(T)/A(RT)]

| A It A O U N Y O O Y B
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Fig. 4.13. The logarithm of the normalized areas of the two doublets corresponding to the
a and d sites vs. temperature for EusFesO;,. The areas were obtained from the fits of the
raw spectra.
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IN[A(TYA(RT)]

a site —
6,=473(6) K

d site
6,=429(4) K

Fig. 4.14. The logarithm of the normalized areas of the two doublets corresponding to the
a and d sites vs. temperature for EusFesAl0),. The areas were obtained from the fits of
the raw spectra.
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IN[A(T)/A(RT)]
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Fig. 4.15. The logarithm of the normalized areas of the two doublets corresponding to the
a and d sites vs. temperature for EusFes sAl; sO12. The areas were obtained from the fits
of the raw spectra.
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I T Y O O
0.0 — x=0.0 —
-0.1 — —
d site
6,=474(4) K
-0.2 0 —
-0.3 — —
-0.4 — —
0.5 ]
I T S T N U T A A N T U T N O OO TN N T O A A B
300 400 500 600 700 800 900

T (K)

Fig. 4.16. The logarithm of the normalized areas of the two doublets corresponding to the
a and d sites vs. temperature for EuzFesO,,. The areas were obtained from the fits of the
thickness-corrected spectra.
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Fig. 4.17. The logarithm of the normalized areas of the two doublets corresponding to the
a and d sites vs. temperature for EusFe; Al;O},. The areas were obtained from the fits of
the thickness-corrected spectra.
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Fig. 4.18. The logarithm of the normalized areas of the two doublets corresponding to the
a and d sites vs. temperature for EusFe; sAl; 50,2. The areas were obtained from the fits
of the thickness-corrected spectra.
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Chapter 5

Conclusions

XRD pattern indexing and Rietveld analysis, as one of the two major parts of this
thesis, have been performed on the garnet series EusFe, 5sA1,O>. The XRD indexing has
been successfully done all Bragg lines, even the very small Bragg lines in the high-angle
region, were indexed. The crystal structure of the studied samples is proved to be a body-
centered system. The cation distributions in the EusFes AlO;, series from the Rietveld
analysis have shown that Al atoms occupy both the a and d sites. MS measurements, as
the other major part of the thesis, have also been used to determine the cation
distributions in the EusFes(AlO;, series. The MS data have been analyzed based on the
Debye vibration model. The values of 6p corresponding respectively to the a and d sites
have been derived. The experimental data from the MS method also indicate the existence
of Al atoms in both the a and d sites. Furthermore, the results from the two methods have
shown higher Al concentrations in the d sites. This is interpreted as evidence of smaller
Z-0 distance in the garnet structure.

For comparison, the values of fp also can be derived from the relationship
between 6 and T. In this case, the MS measurements on the studied samples should be
extended to the low-temperature region.

To confirm the cation distributions in the studied samples, more experimental

methods, such as neutron diffraction and infrared and optical absorption, could be useful.
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