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1. Introduction

Magnetic materials, including magnetic iron oxidae important for different technical
applications as well as for basic research in cosel@ matter field. Their physical properties
can be sufficiently affected by the presence oédisfor substitutions.

Experimental techniques utilizing hyperfine intdraigs for study of electronic and magnetic
structures of solids are usually greatly apprediafer a possibility of microscopic
characterization since hyperfine parameters deperal nearest neighbourhood of an ion with a
studied nucleus. The method offering the best utisol is the Nuclear Magnetic Resonance
(NMR). It provides possibility to study separategsonant responses corresponding to different
crystallographic positions in a given structure.

Proposed thesis is focused on the study of hypeifiteractions in magnetic iron oxides
by means of NMR technique. The thesis takes intasiceration two basic magnetic iron
oxides: yttrium iron garnet (YIG, chemical formukFe;012) and magnetite (E©®4). The
matter of interest is hyperfine interactions in maaily pure materials as well as the changes
induced in the systems in question by substitutiondifferent crystallographic positions. The
goal is to investigate changes in NMR spectra atakations induced by different substitutions
and to contribute to explanation of the influenéehe substitutions on the change of hyperfine
parameters and some macroscopic properties of dberials.

YIG contains two magnetic sublattices constitusgdrivalent iron cations and has rather
simple temperature dependence of structural andneti@&g properties in contrast to the
magnetite. As a result, this compound is a vertabie test system for a verification of general
and specific models dealing with the influence albstitutions on hyperfine interactions. The
present thesis investigates NMR spectra of thitagail films of yttrium iron garnets containing
diamagnetic substitutions (&l In**, La®*, C&*, Bi*") in different crystallographic positions.
The spin-lattice and spin-spin relaxations in sitlistd systems were systematically studied too.
In addition, the first NMR study of completely stihged BilG is presented.

Magnetite is probably the first magnetic matewdaich has been used by mankind since
1500 B.C. It contains two magnetic sublatticesu&tiral unit of the pure magnetite is rather
simple since it has only two types of atoms: irod axygen. However, as the chemical formula



of magnetite implies two trivalent and one bivalgah cations the issues related to valencies of
iron ions and a charge ordering arise in this syst&t the specific temperature known as the
Verwey temperature [Verw4l] magnetite undergoeshase transition. Despite a long time
(more than 60 years) that has passed since tmsiticmn was discovered, the nature of it is not
completely understood. The character of the treoms&ind some properties of magnetite below
and above the transition are strongly affected éfeats and substitutions present in a sample.
Therefore, a systematic study of substitution éffecn magnetite could lead to a better
understanding of magnetite system in general amticpkrly the nature of the Verwey
transition itself. In the thesis the results of NMiRudy of magnetites with diamagnetic
substitutions of Al and Ga are presented. The studubstitutions in magnetites preferentially
occupy different crystallographic positions.

The thesis consists of 5 chapters. Following titeotluction (Chapterl), the Chapter 2
concerns principles of NMR technique in magneticalidered systems. The next Chapter 3
embraces general properties and preceding NMR tigegions of studied magnetic oxides:
yttrium iron garnets and magnetites. The new expenmial results obtained within the work on
the thesis, their interpretation and discussion @mprised in Chapter 4. This chapter is
supplemented with running recapitulations of theuhs on studied garnets (paragraph 4.1.5)
and magnetites (paragraph 4.2.5). In the Summatiyeothesis (Chapter 5), the main results are
summarized. The thesis is also supplemented witbr&eces to the mentioned literature and the

list of author’s articles in Appendix.



2. NMR in magnetically ordered systems

2.1. Principles of NMR

Let us consider an isolated nucleus having magnedimeniu:
u=yhl (2.1.1)
wherey is gyromagnetic ratio; is Planck’s constant,is a spin of the nucleus.
The application of the magnetic fieRBh produces interaction energy of the nucleus of

amount -uB,. Taking the fieldBy to be along the z-direction, we find corresponding

Hamiltonian in the form:
H=-ynB,l, 2.1.2)
The corresponding eigenvalues of this Hamiltonian a
E=-yrB,m, m=1,I-1, ... -l (2.1.3)

In the case of'Fe nucleus which has spin 1=1/2 the energy lewesliastrated in the Fig. 2.1.1.

The energy distance between levelyg B, .

Boz 0
m=-1/2

§ AE =yhB, = hw

> m=+1/2

Figure 2.1.1. Energy levels of tA&e nucleus in the magnetic field.B

To detect the presence of such set of levels oee @ have an interaction that can cause
transition between levels. The coupling used tadpce magnetic resonance is an alternating
magnetic field applied perpendicular to the sthéld.

The condition for the resonance is



w= yB, (2.1.4)
The equation of motion of the nucleus magnetic nine the external generally time
dependent magnetic field can be written in the form
du
— =y [uxB 2.15
o =78 (2.1.5)
In the case when we are dealing with NMR in conddnsmatter, the total magnetization of

nuclei in the unit volume is considered.
1
m==D>u (2.1.6)
VI

In condensed matter, a nucleus magnetic momentotdren considered as an isolated
moment. It is necessary now to take into accouetactions inside nuclei system and between
the nuclei moments and the other systems in théeematidely called ‘lattice’. Corresponding
phenomenological equations of motion for nucleagmaization in the external magnetic field
were first written by F.Bloch [Bloc46]. Under assotion that static external magnetic field is

applied along z-direction, the Bloch equations hidngeform:

dm, r 1 1
X = mxB| ——
dt 4 'X szx
d . .
_nl/:ymxB —im
dt Y T, (217)
O = y[mxB].+—(m,-m,)
1

HereB=By+B; is a sum of the static external fid8d and the alternating perpendicular fi&g
mp is an equilibrium value of the nuclear magnetmatil, is characteristic relaxation time for
x- and y-components of the magnetization (tranflecomponents),T; is characteristic
relaxation time for z-component of the nuclei magaion (longitudinal component). The
presence of the relaxation terms in the equatieftsats existence of weak interaction of nuclear
magnetic moments between each other and with ttieela

Bloch equations (2.1.7) work with good approxiraatin liquids. In solids, however, the
interaction between nuclei spin system and th&éattan not be further assumed as small. For

the correct description of the nuclear magnetimabehavior in these cases more sophisticated



analysis must be applied [Slic90]. In practice tmeomplexity of sophisticated analysis Bloch

equations are often used as a rough approximalmniag getting some qualitative results.

2.2. Pulsed NMR

2.2.1 Spin echo technique
Let us consider a group of nuclear spins in thergwlilibrium situated in a static
magnetic fieldBo applied along z-direction. Linearly polarized m@adrequency fieldB; is
applied in the perpendicular with respect to z-adiection and|Bi|<<|Bo|. The thermal
equilibrium magnetizatiomg lies alongBy, thus me=(0,0/my). Let assume thgdB;|=2B;cosut.
Then Bloch’s equations (2.1.7) in the coordinatetey that rotates about z-direction with

frequencyw can be written in the form:

C:j_l?(:y[mx Beff]x_-l-_];mx

dmj _ 1

T_y[mx Beff]y -I-_Zmy 2.2.1)
%—?w[mx Beﬁ]z+%(m3-mz)

whereBet = (0, B, Bo- w/) is an effective magnetic field acting on the matgc moments in
the rotating coordinate system. To obtain (2.2H8,linearly polarized fiel®; was considered
as a sum of two circularly polarized fields of elgaanplitude B; but opposite direction of
rotation, and the field rotating oppositely to tteemor precession of nuclei in the external field
Bo was neglected. Let us denatg= yBy andw= yB;. The corresponding set of the equation
(2.2.1) has then the form:

d 1

d—?=-T—2mx+(wo-w)my-w1mx

dm/_ 1

dt T_2my (@ - m, 2.2.2)
dm, _ 1

at —w1mx+.|.l(”b m, )



Let now apply to the nuclei spin system the radem@iency fieldB; as a pulse with the
length 7;<<T 4, T>. In the time interval = (0, 1;) the relaxation terms of the equations (2.2.2) can

be neglected and corresponding solution can b¢enr{for positivey) as:

m, (t)=-m, %sin(w{t) wherew, = /(w, - @)* +?
1
w, - W)W ,
m ()= -m, =9 coduy) 223
a)l
w,’ w,’
m,(t) = m, — codait)+m, | 1-—
Z( ) mO a)iz i 1 ) mo( a)in

It can be seen that nuclear magnetization rotdiesteeffective field directiomBes=(0,

B1, Bo-a)) with angular frequencyy . If the frequencyw of the radio frequency field tends to
be wy then o), Ow, and rotation takes place in the (x,z) plane. Cimagpthe length of the pulse
in such a way thatv;r, = 77/2 one will have at the end of the pulse the directbthe nuclear
magnetizatioom(z;) = (-my, 0, 0). Such type of a pulse is calle@2pulse”.

At time t>7; radio frequency field is switched off, thug=0, and solution of the

corresponding Bloch equations turns out:

- 2.2.4)

Herem.=m,+i my,

As can be seen from (2.2.4) transversal comporfettieonucleus magnetization relaxes to zero
with characteristic tim&, (spin-spin relaxation time), and longitudinal compnt relaxes to the
equilibrium magnetization with characteristic tifig(spin-lattice relaxation time).

At a time moment; <<T 4, t1,<T, the second pulse is applied. The length of theeid
<<T 1,To,t1o. If the frequencyw of the radio frequency field tends to bg then «j Dw, and
rotation takes place around y-direction. Choosheglength of the second pulse in such a way
that wir, = (the so-called 7zpulse”) one will have at a timé = tio+ 7 the nuclear

magnetization as:



_be

m, (t12 + Tz) =-me " € oha

_be
mz(,[l2 +r2): m|1-e ® (2.2.5)

Keeping in view that;,<<T ; one can see that, [ 0.
After the end of the second pulse ti>+ 75, ax=0 and the corresponding solutions can be

written in the form:
_t
m+ (t) - rno e T2 el(%_w)(t_Ztlz)
t

e 2.2.6
m,(t)=m,|1-e ™" (220)

In the real system, however, there is always som@mogeneity of the magnetic field. It
can be taken into account by introducing of sonmsribution function g(a)O —cT)O) for the

resonant frequency. For that function

J.g(wo - C_Uo)dwo =1

—00

@, = jwog(wo - @,)daw, (2.2.7)
o’ = J.(wo _wo)zg(wo _wo)dwo

Under assumptions of the homogeneous excitatierk «;, with frequency of thef field close
to the average value of the resonant frequmcyq < w, the first equation (2.2.4) can be

generalized:
t -
m,(t)=-mye = @ [ g(a, ~@,) &) dey, (2.2.8)

Nonstationary signal of magnetic resonance detdayesheans off voltage induced in
the probe coil (see chapter 2.6 about the expetahesmrrangement) by the transversal
componenim, described by the equation (2.2.8) is called tee induction decay (FID). As was
already mentioned, there is always some magnetnogeneity of the magnetic fiely and as
a result, the inhomogeneity —induced spread inga®on frequency causes the spins in one

portion of the sample to get out of phase with ¢himsother portions. As the separate parts get

7



out of phase, the resultant signal decays faster torresponds td,. According to the Bloch
equations, the free induction decays exponentvaiily characteristic time constam. After the
second 7zpulse” applied, as can be seen from the equadh§) (or generalized equation

(2.2.9)), at time2t;, the refocusing takes place and as a result timeesihio appears.

t +00

m, (t) =m,e T ol @-e)(tt,) jg(wo _wo)@—i(wo—ao)(t—tu) de, (2.2.9)
T2 J
T~ ] 2t
S N e
0 T t12 '[12+"(:2 2t12 t

Figure 2.2.1. The formation of a spin echo by me#resv/2-1t pulse sequence (schematic plot).

The value of the magnetization producing the egigoal as can be seen from (2.2.6)
obeys

2ty

m,(2t,,)=me ™ 2.2.10)

This expression can be used for measurements odf.thelaxation time. For that purpose the

dependence of spin echo on titpeshould be measured.

2.2.2. Signal to noise improvement by the Carr-Puseldl sequence.

A special problem arises in experiments on sampi#s a long spin-lattice relaxation
time T;, which determines the time when the echo sequeraebe repeated in the cycle of
averaging (in many YIG samplds is longer than 1 second at low temperatures). Utz

circumstances, an efficient averaging is very tiomsuming. However, if the transverse



relaxation timeT, is long as well, the Carr-Purcell pulse sequentiewa to increase
substantially the number of signals to be avera§edo0].

Suppose at=0 one applies a2 pulse in whichB, lies along the positive x-direction in
the rotating frame with the frequencyw exactly at the Larmor frequenaw. Such a pulse
turns the magnetization to lie along +y-axis. leapplies arpulse at=t;,, also withB; along
the +x-axis, an echo is formed 2t;, with the magnetization along the —y-axis. If noweon
applies arrpulse at3t;,, another echo will form adt;,, this time along +y-direction. In this
manner,7pulses a{2n+1)t;, (n=0,1,2,...)form echoes a2n+2)t;, ,the echoes forming along
the —y-axis for odah, and the +y-axis for evem

A sequence of such pulses is shown in figure 2.2choes shown by doted curves

correspond to echoes forming along negative y-tioec

72 Ve J T

0 t12 2t12 3t12 4t12 5t12 6t12 t

Figure 2.2.2. The Carr-Purcell sequence and thdtieg echoes.

Such sequence of pulses and echoes can be repeated many times, Jigngicant
number of echoes can be obtained during only ongation. The Carr-Purcell echoes are then
summed up in order to improve the signal/noiserdihe number of useful echoes is limited by
the minimal possible distance of the pulses andhleytransversal relaxation timie. Care is
needed whem, depends on the frequency, because if this is #se,cthe spectrum deduced
from the “early echoes” and the “late echoes” féedent.

More sophisticated versions of the Carr-Purcelhcepts are used to eliminate
imperfections in calibrating off/2 andsr pulses. The basic Meiboom-Gill modification useg a
12 phase shift of rf field forrpulses with respect to the/2 pulse:B; in the rotating frame is

alongx- axis for thesr/2 pulse but parallel to y-axis for all following pulses (and spin echoes

9



are then formed along +y). While the basic CarreBllirsequence gives a cumulative error for
the echoes intensities in the echo train, in theibbEm-Gill modification the error is
compensated after evenpulses.

The Carr-Purcell pulse series (with the Meiboori-@iodification) can serve also to

determineTl, when the dependence of the spin echo on its positithe echo train is measured.

2.3. Hyperfine interactions of°’Fe nucleus in magnetic oxides.

NMR spectrum consists of the superposition of aigirfrom all the nuclei of a given
isotope in a sample. Each of those nuclei givestosa signal at a resonance frequency which is
proportional to the magnitude of the local magndiedd at a position of that nucleus. The

constant of proportionality (nuclear gyromagne#ita )) is given by an isotope in question.

2.3.1. Origin of the local field in magnetically odered iron oxides.

NMR in magnetically ordered iron oxides is the mofen measured orfFe isotope
(nuclear spin 1/2y=1.377 MHz/T) in trivalent cations Fe Dominating contribution to the local
magnetic field on a resonating nucleus of an immgives the hyperfine field which is caused
by an interaction with spin and orbital moment®wh electronic shells, magnetically polarized
due to their interactions with surroundings. Dipdiald, caused by magnetic moments of the
rest of ions in the lattice, and an external magnéeld (if applied) are by an order of
magnitude smaller.

Hyperfine field on the nucleus of a free*F®n in a ground state (spin 5/2, zero orbital
moment) is caused by Fermi contact interactionsl®f 2s and 3s electrons polarized by
exchange interactions with 3d electrons, otherrdautions due to the spherical symmetry of an
ion are zero.

The magnitudes of the hyperfine field were repottede 63T [Sawa74] a7l T [Noff85].
The field is oriented antiparallel to the directiminthe magnetic moment of an ion. Because iron
garnets are believed to be ionic compounds (indaalj stoichiometric YIG all the cations are

trivalent, while the formal valency of oxygen ig) 4Ris possible for the studying of hyperfine

10



field on iron nuclei to start from the magnitudetbé& hyperfine field of a free iron ion and to
describe the effect of a crystal structure as ctioes to that magnitude. The following
mechanisms are believed to be of the main impogetanc

Neighboring & anions (ligands) affect the magnitude of the hijperfield first of all
due to a definite contribution of a covalence imd® F& - O i.e. due to an electron transfer
from valence band of © anion to 3d, 4s and 4p orbits of’Féon [ Namt71, Boek72, Boro91,
Nage85]. This contribution reduces the resonanequigncies compared to ones of free ions
down to 30MHz and also makes the hyperfine field@mnopic.

As a result of an influence of other neighbors.(cations neighboring with oxygen
ligands) is a supertransfer interaction given by ttansfer of a spin density between cations
through intermediate oxygen ligands [Sawa74, WoudVvats67]. The mentioned dependence
of the supertransfer interaction on the spin trnbktween F& cations intermediated by an
oxygen ion is given by a close dependence betweagersansfer and superexchange
interactions [Boek72, Woud71, Toma95], despiteedéht details of the mechanisms. One can,
for instance, expect that the supertransfer fieltlhvave, similar to the exchange interaction, a
strong dependence on the anglef the bond F&-0% -Fe**. The supertransfer hyperfine field is
caused by the overlap distortions of the centrtiboads orbitals by the ligand orbitals which
have been unpaired by transfer into unoccu@dddrbitals of the neighboring cations. The

supertransfer hyperfine field value depends onF#& O*— F€* bond anglex according to

[Sawa74] a8y = a+bcosa . The value of supertransfer hyperfine field is rappmately

1T by order of magnitude. Following [Sawa74] thatribution to the supertransfer field given
by a neighboring cation is oriented according te tlrection of a magnetic moment of that
neighbor. For an antiparallel orientation of thememts of a central iron ion and of that
neighbor the hyperfine field will then increase.pexmental investigations of mechanisms of
hyperfine interactions in magnetic oxides [Sawaldéro87, Doro89, Doro92] revealed that
besides the mentioned dependence of the hypeife dn the anglex, the increase of the
covalence degree in the bond with decreasing dist&&'-O* leads to a reduction of the
hyperfine field and that the change of supertransfieractions on the contrary increases the

hyperfine field.

11



2.3.2. Mathematical description.

The effective local field on the nucleus origirsateom the hyperfine interaction of the
nuclear spin with electrons. By the hyperfine iat#ion the interaction of a nuclear spin with all
electrons present in the system is implied.

A description of a magnetic field on a nucleus ahagnetic ion comes out in general
from the expression for the magnetic field indudsd an electron [Abra63, Free67]. The
contribution of an electron system to the locdkfigt the position of the nucleus is given by the
guantum-mechanical average value of a sum of Gpktators from all the electrons. Evidently,
by this way the electron system of the materiall(egspectively the interactions leading to a
magnetic ordering) and also the local field appeathat dependence. However, theoretical
calculations of the electronic structure of magnatixides are not feasible yet and our
knowledge of the local fields at nuclei of trarmitielements is still limited. When analyzing the
hyperfine interactions we are thus forced to usainmpirical models in combination with
independent experimental results.

A natural approximating step to the relationsdwaluation of experimental results is the
expression of contributions of the hyperfine intéi@s to the local field by means of the sum
of terms linearly dependent on components of edeatrmagnetic moments of ions in the lattice
[Kurk90]. The more distant ions will then give risestly by the field of elementary magnetic
dipoles only.

The *'Fe nucleus has spitr1/2. As a consequence only the magnetic part of the
hyperfine interaction is relevant and it may berespnted by an interaction of the nuclear spin

with an effective magnetic fielBy; :
H=-uB, (23.1)

whereu is the nuclear magnetic moment operator.

To discuss the hyperfine fieBls on the given nucleus, the system is divided ihted
regions: an own electronic shell around the nucl@osluding the electron transfer and
supertransfer from neighbouring oxygen ions antga}, atoms within the Lorentz sphere and
the rest of the system. The hyperfine field, theem) be divided into two parts: dipolar part,
corresponding to the interaction of the nuclean sgth magnetic moments of ions presenting in
the system, and dominating part of hyperfine fieldused by the magnetic interaction with

electrons within atomic sphere.

12



If external magnetic field is applied to the systthe general expression for the local

effective field acting on the nuclei can be written

Beff = Bext+ Brc:fip+ Br?ftomic (2)3

2.3.2.1. Dipolar field contribution of the surroundng magnetic ions.

The dipolar part of the hyperfine field caused thg magnetic moments inside the

Lorentz sphere but outside the atomic sphere cawritten in the form:

B, =—ZI;T§( gig, —3(”£)R] (2.3.3)

whereNj, is a number of magnetic ions inside the Lorentresp,R; is a radius-vector from the
nucleus to the point where tﬁ'émoment,u. is situated/p is a magnetic vacuum permeability.
The Lorentz sphere must be taken sufficiently dargo that the field in (2.3.3) is
practically independent of its radius.
If the magnetic moments of different ions areioetr thenu= £ n, wheren is the unit
vector in the direction of the magnetic momentaf containing considered nucleus, and the

expression (2.3.3) can be rewritten in a form:

. 3 _
(B2,), =3, (s ny)
' (2.3.4)
dip — & N 3X‘7’Xﬂ B RZJH/? =
o 4772:1:{ R5 Hi | a,ﬁ 1,2,3

Here d/‘f are components of the symmetrical tensor of theorsd order with zero trace.
Choosing the corresponding coordinate system axé#sei directions of the principal axes of a
tensor A% one obtain d}f =0 fora # B and, because the trace of the tensor is zero,taoly

components of the tensor are independent. If meredlie system has tetragonal, trigonal or

hexagonal symmetry and assuming z-axis as symneetiy the number of independent
components reduces to on2A’” = 2A =—- AP, In this case projection of the considered

dipolar part of the field on the magnetization diren can be written in the form [Robe62]:
(B ). :% ¥ (3cos6 - 1) (2.3.5)

dip

13



whered is an angle between the magnetization directimhaalocal symmetry axis z.

The contribution of the magnetic moments outsideehtz sphere can be calculated in
such a way: because of large distances betweerndeoad nucleus and magnetic ions outside
Lorentz sphere, discrete magnetic moments of thesecan be considered as continuum with
magnetizatiorM. Under this assumption the corresponding contobutan be expressed in a
form:

B :%Tgrad{ dev "IMT(r)d s-j@da } (2.3.6)
v 5 o

Here in the first term one should integrate throtighvolumeV of the whole system without the
Lorentz sphere; at the second term integratioroisggon at the surfac® of the system; third
term should be integrated at the surface of thehiarspherer.

In the case of ellipsoidal one domain sample ong h@mogenous magnetization
M (r)=M and the first integral in (2.3.6) is zero. Sectarth represents demagnetizing field:
r, dS,

3

Bim=-NM, N =]

dip
S

(2.3.7)
.

Here N is a tensor of the demagnetizing constants. T fhtegral represents so-called
Lorentz field:
By, =M (2.3.8)
3
In the case of spherical sample the demagnetizaotpf N=1/3 and Lorentz field and the
demagnetizing field are compensated.

in dem L
dip+ Bdip + Bdip

The dipolar field contributiorB7" = B to the hyperfine field makes only

a small part of a totdy , its magnitude being at least by two orders ssnalbmparing tdy;.

2.3.2.2. Hyperfine field caused by electrons withiatomic sphere.

The dominating part of the hyperfine field acting the nuclei originates from the
hyperfine interaction of a magnetic moment of alews with spin and orbital moments of
electrons within an atomic sphere. It consistshoée parts: Fermi contact term caused by s-

electrons, which have nonzero density at the nsgldipolar interaction with the electrons
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outside the nucleus, dipolar interaction with abitat moment of electrons. Corresponding
effective field could be written as [Abra61]

a 8mr Si S|ri Ii
By = g/’IOIUBZ{_?Si 5(ri )+(r__3_3r__5 d j _r_3} (2.3.9)

where l;, S represent electron orbital and electron spin dpesa respectivelyys is Bohr
magnetong is the electronic spectroscopic splitting factr;) is Dirac delta-function.

The last term in (2.3.9) describes the electrobitar moment contribution to the
hyperfine field. The orbital contribution of eleatrs equals to zero in the case of electrors in
state, for filled or half-filled shells or due toetinfluence of crystal field when orbital momest i
“frozen”. The dipolar field contribution is zero e case of states with spherical electron
distribution. Fermi contact contribution (the fitetm in (2.3.9)) is nonzero only ferelectrons.

The dominating contribution to the hyperfine fied the iron nucleus arises from the
Fermi contact term. In the case of atoms having net\g moments, large hyperfine fields
originate from the exchange polarization of theecetectrons by uncompensated spin of not
completely filled shell. Due to core polarizatiamer 1s, 2s, 3s filled shells contribute to the
hyperfine field by means of Fermi contact interawati

In the case of ion is state or in the case of frozen orbital momentyygerfine field on

the nuclei caused by electrons within atomic sphetdd be written in a form:
BX =AS (2.3.10)
Here A is a tensor of hyperfine interactidBijs a total spin of the ion.

A is a symmetrical tensor of second order. Choosimgg corresponding coordinate

system axes in the directions of the principal amésa tensor A one obtains only three
independent components. If moreover the system thaagonal, trigonal or hexagonal
symmetry and assuming z-axis as symmetry axis tmaber of independent components
reduces to two and for the projection of hyperfileéd to magnetization direction one can write
[Robe62]:

d=a+b (3 co$(6) —1) (a3)

Here@is an angle between a local symmetry axes anthbsjoin of the ion.
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2.3.2.3. Electric quadrupole effects in magneticatlordered systems.

If a nuclear spin 1>1/2 then the nucleus possessgmdrupolar electric momentum and
the internal electric (inhomogeneous) fields wél &ffecting NMR parameters. In a coordinate

system (Xx,y,z) of the main axes of that tensorefifective quadrupole Hamiltonian has a form

[Abra63]:
1 1 1
40 v vy (2.3.12)
—_ q - —_ XX_ yy —_ H
oy, =——, eqg=\,, = : L=1 =il
@ @-y w17 == W=l

Q- quadrupolar momentum of a nucleus.
In particular, if the symmetry of a tensor of efecfield gradientV,, affecting the nucleus is

lower than cubic, but the electric quadrupolarriattion is relatively weak (it can be considered
as a first order correction to Zeeman energy l¢yvtie splitting of NMR lines into(2 lines will
appear [Turo69].
The electric field gradient (EFG) on nuclei andnasoof transition elements is mostly caused by
electrons of unpaired d- or f- orbitals. Main ax¢$€FG and a tensor of hyperfine interactions
usually coincide. However the axis of quantizatiohnuclear spins (directing along local
magnetic fields) may coincide with no one of thages, because the equilibrium orientation of
electronic spins, which mainly defines the directas the local field on a nucleus, establishes as
a result of competing processes: exchange, magystaltine anisotropy and an external
magnetic field.

The quadrupole interaction can affect also thaxagion times T and T, coupled with

fluctuations of local hyperfine fields on nucleihe effects considered in paragraph 2.5.

2.4. The enhancement factor off field in magnetically ordered

systems.

As early as first results of NMR experiments ingmetically ordered systems appeared,
it was noticed that quantum resonant transitionshef nuclear spins are induced not by the

external radio frequency fields directly but the alternating transversal part lof tocal field
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O
loc

B.. acting on the nuclei. As far 458 the so-called enhancement effect of the

>> | b,

field takes place.

Let us consider what is going on in the magnetycatidered system when externél
field is applied. The electron magnetization fol®the direction of the effective magnetic field,
which results from the vector sum of the static neig fields determining the easy
magnetization direction in the system. Applying théernal transversaf field b will change

the effective field direction.

B+B a

B loc

Figure 2.4.1. Effect of thef field enhancement. HerB, is effective field of magnetic

anisotropyB is an external magnetic field.

As far as magnetization should follow the effeetifield direction the transversal
component of the magnetization and as a consequbecansversal component of the local

field will appear. Thus nuclear spins suffer thuence of additional alternating magnetic field

B,.. besides external magnetic fiedgl

— BIoc —
loc 0 = B+B brf _”brf (2-4-1)

a

B OB
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loc — loc

The enhancement factoy =
m brf B + Ba

in zero external magnetic fields can achieve lier t

ferric oxides the values up to40

Even greater alternating magnetic field act onrihelei located within the domain wall.
When the external alternating magnetic field isliggipthe reversible oscillations of the domain
walls take place in many domains system. Duringehescillating displacements, especially

strong deviations feel the local magnetization eecinside domain walls. As far &8, is

proportional to a deviation angle, the correspogdnhancement factor for the nuclei inside
domain walls turns out to be 10-100 times gredtan for nuclei inside domains.

2.5. Spin relaxation in magnetically ordered system

Analogously with similar phenomena in other aredsspectroscopy, the process by
which an arbitrary density operator returns to #guilibrium operator is called nuclear
magnetic, or spin, relaxation. Although pulse NMiRhniques permit generation of off-diagonal
density matrix elements, eventually the densityrafoe returns to an equilibrium state in which
all off-diagonal elements of the density operat@avéndecayed to zero and the populations of the
energy levels of the system (diagonal elementh@fiensity operator) have been restored to the
Boltzmann distribution [Abra61]. The following semt will describe the general features of
spin relaxation and some important consequencespof relaxation processes for NMR
experiments.

Nuclear spin relaxation is a consequence of cogpf a spin to the surroundings. The
surroundings modifies the local magnetic field ke tlocation of a nucleus and thereby
contributes to the relaxation.

Transverse components of the local field are nesipte fornon-adiabaticcontributions
to relaxation. If the fluctuating transverse magnéelds at the location of a nucleus contain
components with frequencies corresponding to tleegyndifferences between eigenstates of the
spin system, then transitions between eigenstatesccur. In this case, transition of the spin
system from a higher (lower) energy state to a toilwgher) energy state is accompanied by an
energy-conserving transition of the lattice frorfower (higher) to higher (lower) energy state.
A transition of the spin system from higher enei@jower energy is more probable because the
lattice is always in thermal equilibrium and hataaer population in the lower energy state.
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Thus, exchange of energy between the spin systehthenlattice brings the spin system into

thermal equilibrium with the lattice and the popidas of the stationary states return to the
Boltzmann distribution. Furthermore, transitionstwesen stationary states caused by non-
adiabatic processes decrease the lifetimes of thiedes and introduce uncertainties in the
energies of the nuclear spin states through a Hlegsg uncertainty relationship. As a result, the
Larmor frequencies of the spins vary randomly ane phase coherence between spins is
reduced over time. Consequently, non-adiabatictdations that cause transitions between
states result in both thermal equilibration of $pn state populations and decay of off-diagonal
elements of density operator.

Fluctuating fields parallel to the main static Idieare responsible foradiabatic
contributions to relaxation. The fluctuating fielgenerate variations in the total magnetic field
in the zdirection, and consequently, in the energies ef tlaclear spin energy levels. Thus,
adiabatic processes cause the Larmor frequencittge afpins to vary randomly. Over time, the
spins gradually lose phase coherence and off-delgglements of the density matrix decay to
zero. The populations of the states are not altaneldno energy is exchanged between the spin
system and the lattice because transitions betsta¢ionary states do not occur.

Magnetic relaxation which does not change the @mérgy of the spin system, but
redistribute it between degrees of freedom of magn@moments, is called thepin-spin
relaxation

Magnetic relaxation changing the full energy oé tpin system is callespin-lattice
relaxation It establishes the thermal equilibrium betweesn gpin system and the 'lattice’ (i.e.

the heat reservoir representing other degreegelflm in the matter).

2.5.1. Relaxation in the Bloch equations

In the simplest theoretical approach to spin r@iax, the relaxation of isolated spins is
characterized in the Bloch equations (2.1.7) by phenomenological first order rate constants:
the spin-lattice or longitudinal relaxation rate constanB;, and thespin-spinor transverse

relaxation rate constari®,,
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d 1
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Here (as in paragraph 2.1) i a characteristic relaxation time for x- andoyrponents of the
magnetization (transversal components)jsTcharacteristic relaxation time for z-component
the nuclei magnetization (longitudinal componeRate constants rather than time constants,
are utilized; the two quantities are reciprocaleath other (for examplg = 1R;). The spin-
lattice relaxation rate constant describes theuwagoof the longitudinal magnetization to the
thermal equilibrium, or, equivalently, returns thepulations of the energy levels of the spin
system (diagonal elements of the density operatothe equilibrium Boltzmann distribution.
The spin-spin relaxation rate constant describesddéray of the transverse magnetization to
zero, or equivalently, the decay of transverse dlginquantum coherences” (off-diagonal
elements of the density matrix) [Abra61]. Non-aditd processes contribute to both spin-lattice
and spin-spin relaxation. Adiabatic processes oahtribute to spin-spin relaxation; spin-lattice
relaxation is not affected because adiabatic psssesilo not change the populations of
stationary states.

The Bloch formulation provides qualitative insighito the effects of relaxation on the
NMR experiment, and the phenomenological rate emtstcan be measured experimentally.
For example, the Bloch equations predict that tiee induction decay (FID) is the sum of
exponentially damped sinusoidal functions and tfaipwing a pulse sequence that perturbs a
spins system from equilibriuni,; governs the length of time that the FID can beeoled
(supposing ideally homogeneous static magnetid,fiebwever usually the duration of FID is
restricted by inhomogeneity of that field) afd governs the minimum time required for
equilibrium to be restored. The Bloch formulatiared not provide a microscopic explanation of
the origin or magnitude of the relaxation rate t¢ants, nor is it extendible to more complex,

coupled spin systems.

2.5.2. Relaxation mechanisms in magnetically ordetgesystems.
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All the relaxation mechanisms which are relevant fesonance properties of
nonmagnetic solids are relevant also for magneyistals. However there are some peculiarities
which are the consequence of properties of eledystem in magnetic crystals. The main such
peculiarity is the existence of collective spinieatons described (at low temperatures) in terms
of spin waves [Turo69]. Spin waves (or magnonsgraatting with nuclear spins via hyperfine
coupling, dipole-dipole or other interactions, daa dispersed, absorbed or emitted by nuclear
spins, besides spin waves can be transformed attiod vibrations — phonons. The dominant
role of spin waves in relaxation processes cangseribed by the next two types of effects:

1) Spin waves being directly dispersed on a nucleamn ¢py themselves or with an
assistance of phonons) establish on a nucleusifiting local magnetic fields. The latter
can induce a quantum transitions between nucleasiggeman levels.

2) Emission of a spin wave by one nucleus and absorgti by another one leads to
indirect (Suhl-Nakamura) interaction of nucleamspi

There is a sufficient difference between these tiypes of effects. The first type can take place
also for some single nuclear spin in magneticatyeced system. That is why they should be
taken into account at any small concentration ametic nuclei. The effects of the second type
play a sufficient role at large enough concentratef magnetic nuclei and therefore are
especially significant for completely magnetic gqut content of nuclei under consideration.

At large enough concentration of magnetic nudiei first place for the reason of NMR
line homogeneous broadening stands Suhl-Nakamuchanesm of the interaction of nuclear
spins via spin waves. It gives at a first approxiorathe linewidth which does not depend on
the temperature.

At small concentrations of magnetic isotope thevensal mechanism of the NMR line
broadening probably does not exist [Turo69]. Feulators, the reason of the broadening could
be different types of dispersion of spin waves onualear spin. In terms of magnons those
would be one-magnon processes in the case whea ither strong damping of longwave spin
waves at NMR frequency (caused for instance byr tivdgeraction with rapidly relaxing
magnetic impurities, as in the case of YIG at T<2UKro69]). Another example is the presence
in the system of Fe ions with different valencesuténg in a possibility of electron migration as
a reason of sufficient effects on nuclear magnetiaxation in magnetite g8, [Mizo66]). In
this case the same mechanism will be the impor&ason of the spin-lattice relaxation. In other
cases the reason of line broadening could be twgnoraprocesses of dispersion (as in the case

of YIG at T>20K) [Turo60]. If the hyperfine intertians are anisotropic then the same
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processes will be responsible for the longitudexation. Another contribution to the spin-
lattice relaxation in magnetic insulators could diferent mechanisms of the interaction of
nuclear spins with lattice vibrations (one- and {plmnon processes) and also specific for
magnetic crystals more complicated processes qfes®n under combined assistance of
magnons and phonons.

Quadrupole interaction could affect also the ratmn times T and T coupled with
fluctuations of local hyperfine fields on nuclehd first quadrupolar effect is the affection of the
probabilities of nuclear transitions: if Big=0 in first approximation an average probability of
nuclear transition¥Vi, .m« ~ 1/T1 equals 0, then &iyz0 the transitions between two levels
andmt1 could be allowed. Another effect is the affectadrihe symmetry of the EFG by lattice
vibrations. Lattice vibrations affect even the aubymmetry of EFG in cubic crystals leading to
one-phonon processes of spin-lattice relaxatiod;{l/) and also to two-phonon Raman
processes (Tf~T’ for low temperatures and Ti~T? for high temperatures) [Turo69]. The
calculation of a velocity of the longitudinal re&tion for this mechanism almost does not

depend on if the crystal is magnetic or not [Abfja63

2.6. Experimental details.

2.6.1 Pulse NMR spectrometer.

The NMR spectra in this Thesis were measured bgpive echo method using the pulse
phase-coherent spectrometer with an averaging itpotiand fast Fourier transformation (FFT).
Measurements were performed partially at the Reke@entrum of Juelich (Germany) on the
commercially manufactured spectrometer (SMIS) agthfar the broad-line NMR spectroscopy
and later on the same spectrometer at the Faciltilathematics and Physics, Charles
University. The block scheme of the spectrometshmwn in the figure 2.6.1.1.

The spectrometer is governed by the PC. The RRgtEmgroduces continuous radio frequency
signals with the frequendy andfy+ fg. Afterwards continuous signal with the frequerigys
modulated by the pulse sequence produced by thee mganerator and is amplified by the RF
amplifier (power output 300W). The attenuator ekshls optimal (for obtaining of the spin
echo signal) magnitude of the pulses going to tiebga The duration and amplitude of pulses

for spectra in this thesis were for each samplel (@mperature) optimized to obtain NMR
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signal originated from nuclei in magnetic domaifise measured samples were placed either in
the coil of the tuned resonant circuit or the bimawl probe was used. After the pulses were
applied the echo signal is detected. The echo kignihen sent to the low-noise broadband
preamplifier and to the mixer, where the spin esignal is mixed with the reference continuous
signal of the frequencis+fg received from the RF generator. The result ofrttveing is spin
echo signal modulated on the intermediate frequéncyhe spin echo signal, amplified in the
intermediate-frequency amplifier, is then digitizedthe AD converter.

PC < _(}

AD-converter

AHHU
Pulse
RF generator Intermediate-frequen¢y
generator amplifier
; [
v - fot+fs
L - .
Modulator > mixer

v H— H_ H+ T

Attenuato———== RF amplifier—>v—> preamplifier

Figure 2.6.1.1. Block scheme of the pulsed NMR spateter used in the measurements.

Digitized spin echo signal is averaged in the PGmory in order to improve the
signal/noise ratio. The resulting signal/noisearasi proportional ton'?, wheren is number of

averaged signals. NMR signal spectrum is obtainedhb fast Fourier transformation of the
averaged time dependent spin echo signal.

Basic technical parameters of the pulse coheremttgpmeter used in the measurements are
collected in Table 2.6.1.1.

23



Frequency range 10 MHz - 300 MHz
Maximal output of excitation pulses 300 W
Length range of the excitation pulses 0.1pus —40us
Repetition time range of the pulse series 0.0B27s
Pulse separation range 7 us — 320Qus

Table 2.6.1.1. Basic technical characteristicheffulse phase coherent NMR spectrometer.

2.6.2 NMR probes.

In order to excite (or detect) radio frequency sigim (from) the sample, it should be
placed in either resonant circuit or in the broambprobe. In the figure 2.6.2.1 classical parallel
resonant circuit consisting of the radio frequenoi with the sample and of the continuously

adjustable capacitor is shown. .
—. Signal

—/ [\ | —Pulse

Tuning

T /1 EOQ

Figure 2.6.2.1. Tuned NMR probe.

Exciting and detecting routes are realized b@3NC cable. Tuning route with attached(b0
resistor allows to tune the resonant circuit atrégpiired frequency.
The disadvantage of such type of the NMR probescessity of resonant circuit tuning for each

excitation frequency that makes impossible to medextrometer fully automated.
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In order to make spectrometer entirely automabedadband NMR probe should be
made [Wagn94].

,— Copper fail

Pulses
— 50Q
- — 1
Echo —

Figure 2.6.2.2. Broadband NMR probe.

The broadband NMR probe is made as radio frequeaityith approximately 10 loops for the
frequency region of 57Fe NMR in magnetic iron osidéhe surface of the coil is covered by
isolated and earthed thin copper foil. The freqyerange of a probe made in such a way is
practically constant at the range 10 — 100 MHzthia case of measurements with broadband
probe, it is not necessary furthermore to tunenasbcircuit at each frequency that makes NMR
measurements entirely automated. However, the teatysiof such probe is estimated to be
approximately five times lower than for the caselaksical tuning NMR probe and, as a result,
when one deals with weak signals (for example |lgatéines caused by the presence of some
defects in small concentration) it is still necegséo use tuning NMR probe for the

measurements.
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2.6.3 NMR signal processing.

Spectrometer being coherent allows averaging dividual spin echo signals on the
intermediate frequendy, which comes to PC from AD converter. Individuplrsecho signals
are summed up and the arithmetical mean valudaslaged.

In the figure 2.6.3.1 one is shown how the signahoise ratio can be improved by the
increasing of numbar of spin echo signals taken for an averaging. Tétezally signal to noise
ratio can be described by the following expres$imgl|94]:

Asara _ o 2.6.3.1
Ahoise " ()

Here A;.,and A, are amplitude of the signal and an effective almgé of the noise

respectively. Averaging procedure, therefore, mgkessible to observe weak signals that are
comparable to the noise level or even somewhatrlowe

After the signal was averaged the fast Fouriersfiamation (FFT) was carried out. It is
possible to do this in two different ways. Eithergerform FFT directly from the averaged
signal on the intermediate frequerfgy(it means that one should make FFT from a largeber
of data) or to perform a quadrature detection {sd@ccally or by means of PC simulation from
data obtained dg , as described below) to reduce a number of @éapainred for FFT.

In order to simulate the quadrature detection gy@chronous detection in two channels
having 90 phase shift) of the spin echo signal the followiagorithm is applied. Let us
consider a spin echo signal digitalized with timéivalt, on the carrier frequency with the
periodT.

The number of intervals, per periodT is thenm = T/ t,. Corresponding amplitudes of
the spin echo signal on the carrier frequencyfarfor i=1,...,N-1 , where N is a number of
intervalst, per echo signal. In the case when& is an integer even number the réaland

imaginaryYj parts of a signal at timtg=k m t, can be written as:

1 [emrz1 (eym
ey

m i=km i=(k+1)m/ 2

(2.6.3.2)
1 [ Geryms 21 (k+1)m-1
Yk :_|: ZAi+m/4_ ZAi+m/4:|
m i=km i= (kL )m/ 2
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Figure 2.6.3.1. Dependence of the spin echo sigm#he number of averagesn the hematite sample
enriched with thé'Fe isotope; excitation frequenty71.2 MHz, T=295K.

In the case whem/2is odd integer ant/2 phase shift does not correspond to the shift at
integer number of time intervalgthe expressions (2.6.3.2) should be rewritteménfollowing

form:
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X = —[ XA 2 A}
m i=km i=(k+l)m/2
(2.6.3.3)
1 (k+l)m/ 2-1 (k+1)m-1
- 0= + _ N
k 2 mCOS(]T / m) |: gr:n( A1+q A+q+l) i:(k§§/?+q A+q+l)

Whereq=(m/2-1)/2is an integer number.
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Figure 2.6.3.2. Spin echo signal detected by ugiagjuadrature detection (in hematite sample eslich
by °'Fe isotopeT=295K,f=71.2 MHz, number of averages64).

In the figure 2.6.3.2 the spin echo signal in hégmaample enriched BY/Fe isotope is
displayed as an example of performing procedutbefjuadrature detection.

After the quadrature detection had been perforneet Fourier Transformation could be
applied to obtain NMR spectrum of the spin echmalglin the figure 2.6.3.3 the Fourier
transformation of the spin echo signal in hematitmple enriched B/Fe isotope is plotted.

The spin echo signal contains the frequency compusnaf the NMR spectrum filtered
by the bandwidth of the exciting pulses, the bawitwibf the resonance circuit containing the
sample and by the bandwidth of the receiver. ThasFourier transform of the spin echo signal
gives NMR spectrum in limited band. The maximal thidf this band is about 0.25 MHz for the
lengths of the excitation pulses of = 2 us, &> = 4 ps. In order to obtain complete NMR
spectrum in some frequency region (more than 1 Mbizthe case of YIG) the excitation
frequency should be changed through the specegliéncy region with frequency interval of
0.1 MHz or better less. At each excitation freqyeméole described above procedure of
averaging, synchronous detection and the fast &otransformation of NMR signal should be

performed. The individual Fourier transforms shaduédthen overlapped to form a spectrum.
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Figure 2.6.3.3. Fourier transformation magnitudéhefspin echo signal plotted for hematite
sample enriched by/Fe isotopeT=295K, number of averages64. Zero point at the frequency axis

corresponds to the excitation frequeifrey1.2 MHz.

In the figure 2.6.3.4 the NMR spectrum of hematitgiched by’'Fe isotope is shown.
Spectrum in question was obtained by the overlgppinthe individual Fourier transforms of
the spin echo signal excited by different excitatfcequencies, which are also plotted in the
figure. Measurements were carried out at room teatpee (T=295K). Excitation frequency
was changed in the range 71.01 MHz - 71.34 MHz Wwitkquency intervall = 30 kHz. Spin

echo signals for each frequency were averagedebti
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Figure 2.6.3.4°"Fe NMR spectrum of R8s (red line) obtained by overlapping of
individual Fourier transforms (symbols and blaakeB) of spin echo signal excited by different

excitation frequencie§=295K.
2.6.4 Temperature dependence measurements setup.

The temperature dependence measurements weredcauti using a continuous flow
helium cryostat CF 1200 (Oxford Instruments) wittmperature controller ITC4 (Oxford
Instruments). In order to control temperature oe tample more precisely additional
temperature monitor “Lake Shore” model 218 was ugdith temperature sensor attached
directly to the sample.
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3. General properties and NMR investigations of
studied magnetic oxides

3.1. General properties and NMR studies of
Yttrium Iron Garnet (YIG)

3.1.1. Crystal structure of YIG

Yttrium iron garnet (Y1G) is a ferrimagnetic masrwhich is widely used in various
microwave and optical-communication devices andemwtapplications - mainly due to its
suitable magnetic and magneto-optical propertidse Well-known properties of YIG are
following: Curie temperature 560 K, saturation matggation is about 0.2 T (bulk YIG at room

temperature), Faraday rotation in doped garne®04-4000) degrees/cm for Ce-doped YIG
films.

Figure 3.1.1. Cation arrangement in the unit ceY ¢Fe;0;,.
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According to a structure analysis [Gell57] yttriumon garnet belongs to a space
symmetry group §° (la-3d), i.e. it has a body-centered Bravais dattilts unit cell contains
eight formula units {¢} [Fe;] (Fes) O... Different brackets { }, [ ], () are used to deedhree
different cation sites or types of coordinationoiygen: { }Hor 8-fold (i.e. dodecahedron), [ ]
for 6- fold (octahedron), () for 4-fold (tetrahed). The cations are located at the centers of
corresponding oxygen polyhedrons. Th& ¥6ns occupy dodecahedral or {c}-sites, while*Fe
ions occupy octahedral or [a]-sites and tetraheaalrédl)-sites. In fig 3.1.1 a cations arrangement

in the unit cell of yttrium iron garnet is demoradéd.
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5 /N Y4, 750 Y4,75,0 XHYaZ+ 0, Y+, X+, 20,y
6 Yo ua 0.%% 0%%% 24y X ¥ -2y Y+ a X+,
7 YRR 7,07 AN/ X,-Y,-Z X,"Y+70,2+/
8 %Y Y. 7,0 Y. 7,0 -Z,-X,-y 2+ X,y +7s
9 0%, % 0Y.,% Y,-Z,-X -y+%, 2+ x
10 %6074 %.0,.74 7, x Y, 24Y | oy x+Y,-z+
11 %.%.0 %, %%,0 XH4,-2+,,y+ 4 X+74, 247,y +74
12 0% % 0%.% -2+, -+ x+Y, 2+, -y+ 70X+,
13 -X+Y,-y, 247 X+75,-y+75,-Z
14 2+, X+ -y 2 X+, Y+
15 - 2+ Xt Yo -2 X+
16 VXA Y-zt | YA X2+
17 X2+ Y+ X+ Y32+ Y+ s
18 2+70, -yt x+ 0 | -2y Y+,
19 Xty 247y XDy +7o,Z
20 -ZH+/p X0y 2, X+ Y+
21 Y, -2+ X+ Y+1,2, X+
22 y+Y, x+Y,, 247, Y+, -X+70,-27s
23 X+, -2H0, Y+ | X+, 24, -y+Y,
24 -2+, Y+ X+, 2+, Y+ x+Y,

Table 3.1.1. Crystallographic data of YIG. Lattmenstant a=1.2376; 1.2361; 1.2359 nm
at the temperatures T=296; 77; 4.2 K [Levi66]. Thegen parameters are
x=-0.027, y=0.057, z=0.149 [Gell57, Eule65, Bonn'F&maining part of the
ions in the unit cell can be found by translatih’, 7).
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Each oxygen ion belongs simultaneously to two daldedrons, one octahedron and one
tetrahedron. None of these polyhedrons is reguitr igspect to an edge length. The deviation
from ideal geometry in YIG was first described e tvork [Gell57]. The position of the oxygen
sites per formula unit is indicated by a set ok&hparameters X, y, z (expressed in fraction of
the lattice constant a). The crystallographic datay'|G are presented in table 3.1.1.

From the viewpoint of NMR study of magnetically erdd materials the nearest
environment of a studied ion plays an essentia@. Detailed description of a neighborhood of

cations belonging to different sublattices is gitetow.

Octahedral positions

Schematic representation of the arrangement ghbering ions around Fe cation an
position is shown in figure 3.1.2. The figure depia fragment of a cluster centered at the Fe

atom that is octahedrally coordinated in the citysta

Figure 3.1.2. Schematic representation of the gaauent of neighboring ions around an octahedrally
coordinated Fe cation.

Interatomic distances between*Fn in a-position and its neighbors from the nearest
environment are collected in table 3.1.2:
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Number of neares{ Distance from F&(a)
lon i
neighbors [nm]
o~ 6 0.2011
Fe*(d) 6 0.3454
Y 2 0.3454

Table 3.1.2. Interatomic distances and amount afgs¢ neighbors for a £eion in a-
position [Wink81].

Octahedral arrangement of oxygen ions arourtd iBa in a-position is given in figure

3.1.3. The local symmetry axis;@or a-positions is along [111] direction.

Figure 3.1.3. Coordination octahedron of oxygersiom ) around F&(a) position (+ 0.268nm;s
0.299nm).

Tetrahedral positions

Schematic representation of the arrangement ohbergng ions around Fe cation in
d position is shown in figure 3.1.4. The figure d#pia fragment of a cluster centered at the Fe

atom that is tetrahedrally coordinated in the @iyst
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Figure 3.1.4. Schematic representation of the gamment of neighboring ions around a tetrahedrally
coordinated Fe cation.

Interatomic distances between*F®n in d-position and its neighbors from the nearest
environment are given in table 3.1.3:

lon Numb(_ar of neares{ Distance from F&(d)
neighbors [nm]

o> 4 0.1868

y3* 2 0.3090

o* 4 0.3426
Fe''(a) 4 0.3454

o* 4 0.3679

Y3 4 0.3784
Fe*(d) 4 0.3784

Table 3.1.3. Interatomic distances and the numbeearest neighbors for £don in d-
position.

Tetrahedral arrangement of oxygen ions arount i@ in a-position is given in the
figure 3.1.5. The local symmetry axig S G, for d-positions is along [100] direction.
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Figure 3.1.5. Coordination tetrahedron of oxygensifound F&(d) ion (» 0.316nme * 0.287nm)

Dodecahedral positions

Schematic representation of the arrangement afhbering ions around Y cation i
position is shown in figure 3.1.6. The figure dépia fragment of a cluster centered at the Y

atom that is dodecahedrally coordinated in thetatys

Figure 3.1.6. Schematic representation of the gement of neighboring ions around a dodecahedrally

coordinated Y cation.
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Interatomic distances between®Yion in c-position and its neighbors from the nearest
environment are collected in table 3.1.4:

lon Numbe_,'r of neares{ Distance from Y'(c)
neighbors [nm]

0% 4 0.2356

o* 4 0.2428
Fe*(d) 2 0.3090
Fe''(a) 4 0.3454
Fe*(d) 4 0.3784

% 4 0.3784

Table 3.1.4. Interatomic distances and numberseafast neighbors of % ion in c-
position.

Dodecahedral arrangement of oxygen ions aroutiib¥ in c-position is given in the
figure 3.1.7.

Figure 3.1.7. Coordination dodecahedron of oxyges ) around Y*(c) ion (¢ 0.268nmg * 0.281nm,
e e (0.287nmMg ¢ ¢ » 0.296nM).
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3.1.2. Magnetic properties of YIG

The YsFe;0;, belongs to the class of ferrimagnetic oxide conmaisu The exchange
interaction of F& ions, possessing magnetic moment, takes placeighr@n oxygen ion
situated between them (indirect mechanism). In ttype of interaction, denoted as
superexchange interaction [Ande50, Kram34], spihsmagnetic ions are coupled by the
interaction via an electron system of oxygen anidiss mechanism corresponds to a so-called
configuration interaction, when a ground state urhtion and an excited state of this
configuration form by superposition a new statehwidbwer energy [Ande63]. The theory
predicts maximum superexchange interaction forahgle F&- O~ Fe** of 180 degrees and
small Fé* - 0% distance. In the case of YIG the strongest inteva®ccurs between F¢a) and
Fe**(d) ions for which the Fé(a) - O* - F€"*(d) angle is 125.9[Wink81]. Because interaction
of this type is known to be negative in ferritesl drecause there are 3He) and 2F&'(a) ions
per formula unit, there should be a net magnetimerd corresponding to one*Féon, i.e. His.
The magnetic moments of ¥€) and Fé*(d) ions are antiparallel [Bert56] below Curie
temperature Tc=560K [Gell64].

3.1.2.1 Magnetocrystalline properties.

The part of an energy of a magnetic crystal whiepeahds on its magnetic state can be
expressed as a sum of four different energies: angd energy, magnetocrystalline anisotropy
energy, magnetoelastic energy and magnetostaticgendhe part corresponding to the
exchange energy can be expressed in the form:

Nk Np

Fox = _ZZJ:‘JLHJ SIS (3.1.2.1)

where J;; are exchange integralblk is the number of magnetic ions in the cryshy,is the
number of magnetic ions from the nearest neighbmdhaf a magnetic ion under consideration
keeping in view the short range of the exchangeraation. This and following formulae are
assumed to be applied (or normalized) to a unitimel of a magnetic crystal.

Magnetic properties of YIG are defined by magnitofiehe magnetization as well as by
orientation of the magnetization vector with reggecthe crystallographic axes of the crystal.

Because of an anisotropy, the magnetization vexdopts certain preferential directions in the
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crystal lattice, the so—called directions of ‘easydgnetization (easy axes). For a description of
the corresponding free enerfy a system of coordinates is defined in such a wayith axes
coincide with the main directions of the crystad@], [010], [001]. It is convenient to expakd

as a power series in directional cosirgsof the magnetization direction relative to these

crystallographic axes:

F(6)=K,;s+K,p+K,s*+K, sp+ ... (3.1.2.2)
where s =% 0% + a,? as” + 012 032, P =01° 0,2 037, K are anisotropy constants.
Anisotropy constants for YIG can be found in repdrttables [Escu75, Pear62, Hans74,
Escu75].

When magnetizing garnet, a spontaneous elastiordafion occurs. Due to this
deformation which originates from the interactiohtbe spin system with the lattice, the
symmetry of the crystal is slightly disturbed (matpstriction). Energetically, the appearance
of the magnetostriction leads to minimization oé ttrystal magnetic energy. Corresponding
contribution to the free energy can be writtenhia torm:

3 3
Fre(0 €)= b.l.;LGEQi + bzgj;aiaj i (3.1.2.3)
where b are the magnetoelastic coupling constants, whasteign the magnetostrictive effects;
ande; are the components of deformation tensor (i.enadr describing the locations of the
points of a body after deformation with respecttieir location before deformation. It is a
symmetric tensor of the second rank).
The pure elastic contribution to the free energy loa written in the form:
13 , 3 (1 )
Fe (€)= Ezcll g + Z (E Cug +Cpr8 g j (3.1.2.4)

=1 1>
whereC;j are the cubic elastic constants.
The equilibrium magnitudes of deformation can bevee from the equilibrium condition of
the total energy:

0(Fnel 6 &)+ R(8)) _

ag

In the analysis of experimental data the magnetbisin constanta\ are usually used,

(3.1.2.5)

which denotes the relative changes in lendith of a single crystal along the principal

crystallographic directions. For garnets structuhesrelative changes in the linear dimension
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ol/l of a magnetic crystal along an arbitrary direntB(31, B2, Bs) can be described with only

two constantshigo andAi1s :
A =2 hlaipl +api +aif )+ Nl pp, va apforaapp)  (3.126)
Fora || B, the relative change in length along [100] andl]directions can be expressed as:
d% roal = Ajgo = —% b, /(C,—C,,)
A = Ay, = —ébz /Cyy

The elastic and magnetoelastic constants of YIGdcoe found in [Haus76, Safa71, Lach69].

(3.1.2.7)

Magnetostatic energy means the potential energy wfagnetic body in the magnetic
field. It is composed of the magnetostatic intaoacof that body with the external field
Fr= - MBy and with its own demagnetizing eneffigy= - /> MBp.

The easy directions of magnetization can be dérfivem the minimization of sum of
anisotropic parts of the energy. In the case oiuytt iron garnet corresponding calculation turns
out that easy axes of magnetization coincide wittl] direction.

Equilibrium magnetic state of a system shoulds$atthe condition of total energy
minima. From the energetic viewpoint, the more @rahle magnetic state in the case of YIG is
a state with a splitting into a regions of unifommagnetization, so-called magnetic domains. The
direction of magnetization is different from onentiin to another.

3.1.2.2 Temperature dependence of saturation magnzation:

molecular field and spin wave approaches.

Molecular field approximation.
In the frame of this approximation one has to ab&sobnly one magnetic atom and replace
its interactions with the remainder of the cry&talan effective field.

. Nz N N
H = _ZSiZJij S, _g,UBZSi B, = _g/uBZSi (Bo"' Be),

S - = (3.1.2.8)
B.=——3 J, S,

Qi =1
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whereJ; are exchange constants,isSmagnetic spin of the atomN- number of magnetic
atoms in the crystal, z- amount of nearest neighlBar effective (molecular) fieldis is the
Bohr magneton.

The next step is an assumption that eaatan be replaced by its average vatss>.
Thus, assuming;=J

Be= 2J/(gus) <S> = 2J/(N(gus)’) M (3.1.2.9)

HereM is the total magnetic moment of the crystil £{Ngus<S> ).
Effective field, thereforegcould be written aBe=A M.

TakingBy to be along the z-axis one-particle Hamiltoniathen

_ Hy=-0kSB (3.1.2.10)
andhaseigenvalus E =-gy,mB, m=S5,S-1,...;-S
WhereB is a total field acting on the ato3=Bg+ Be.
The corresponding partition function and magnetienmant of the sample can be easily
calculated. In particular,
M = NguSBs(x)=M(0)B(x), x =gkﬂ—?rB (3.1.2.11)
B

Where kg is the Boltzmann’'s constant, is a temperatureM(0)=NgusS value of the
magnetic moment of the crystal at zero temperaiyr) is the Brrillouin function.

B.(X) = 28+1cot>-(28+1xj—icotr(l) (3.1.2.12)
25 2s ) 25 125

In the case of yttrium iron garnet there are tiferent types of crystallographic sites
occupied by magnetic atoms (but a single kind ofymedic atom) and, therefore, two
different molecular fields acts on the atoms diedént sublattices.

Ba = BO+Aaa Ma+Aad Md

By =Byt A M, +Aq My (8.4219)
Here Aag, Aaas Ada @re molecular field coefficients for the interacs a-d, a-a, d-d,
respectively.
Let N be the total number of magnetic atomshe fraction of magnetic atoms arsites and

L=1-v the fraction of magnetic atoms drsites. Let us now introduce the parameters
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a =Aaa/Aad ’ ﬂ:Add/Aad

_M.(TM) _
m, (T) V-0 M, (T)/(WNgu,S) (3.1.2.14)
and
_M,M _
my (M) = 3% gy = Ma T/ (i)

Therefore, the molecular fields can be writtethia form:

Ba = BO+ NguB&ad(VO, ma+lu md)

3.1.2.15
B, :BO+NWB&ad(V ma+l'118md) ( )
The corresponding molecular field equations are:
m, =B (gu;SB, / (KT))
(3.1.2.16)

m, = Bs(gu, SB, / (KT))
These equations being applied to YIG with assumptiozero external magnetic fields have
the form [Dion70, Nova88]:

C 3
rna(T) = BS(Xa)’ X, :?(Aaama +E/ladmdj

(3.1.2.17)
my(T) = BS(Xd )’ X4 zg(/]adma +g/]ddmd)
WhereC = 2Na(gusS)F/ks . The experimental values for molecular coeffitseof YIG are
Aag = 97 mol/cri, Aaa= -65 mol/crd, Agg = -30.4 mol/cm [Dion70].
Equation (3.1.2.16) must be solved simultaneouslgite temperature dependence of YIG
sublattice magnetization.

Molecular field theory gives rather good descaptiof the experimental results in the
region of higher temperatures. Within a low tempeearange the spin wave approximation

allows better treatment of the temperature behadfisublattice magnetization.

Spin wave approximation.
At any nonzero temperature there is some probwliltiat individual spins have deviated
from the equilibrium. In reality such excitationse aistributed over the whole spin system.
The precession angle of all spins is slightly iasexl. The resultant nonuniform
magnetization can be described in the form of plaages of spin deviations, which have
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been designated as “spin waves”. Quantized spirevgaealled “magnon”. A magnon can
be considered in many respects as a free particlerged by Bose - Einstein statistic. For
the temperature dependence of sublattice magnehzat ferrimagnetic materials in the
region of low temperatures the spin wave appronagives the so-called *f law”
[Bloc30]:

M (T
M((O)) =1- A_1T3/2 - A2T5’2 — A3T7’2 -... (3.1.2.18)

Here A are coefficients dependent on type of structuras exchange integrals. For YIG

structure above-mentioned values can be found am§B7].

3.1.3. NMR in Yttrium Iron Garnet

3.1.3.1.>"Fe NMR in pure Yttrium Iron Garnet

The hyperfine fieldBn = B,, on the’’Fe nucleus in yttrium iron garnet can be writtethie

form:

By = By B.+ By, (3.1.3.1)
Here B is a field on the nucleus of a free ior’ ke, is a crystal environment contribution,
which arises from the partial covalent bonding ef'E O* and from a supertransfer hyperfine
field depending on the magnetic moments of surroundations and P& — & - F€* bond
angle, Bgip is a dipolar field contribution caused by the eunding magnetic moments.
Contribution ofB. from the crystal environment can be treated infthme of independent bond
model [Engl85] (see the paragraph 3.1.3.5.5). ™emiempirical model is based on the
assumption that in a solid the ions keep to th& Approximation their free ion character, the
effect of an environment being a small perturbatiime Hamiltonian of the transition metal ion
is then well approximated by the Hamiltonian ofregsponding free ion plus contributions from
its ligands. Within the superposition model the tabations of the individual ligands to the
Hamiltonian are assumed to be mutually independedtaxially symmetrical around the cation-

ligand bond. Under these assumption the contribl&iomay be written as [Engl85]:

B, :i(dﬁ b cos qq) (3.1.3.2)
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where the sum is over tiligands of the F& ion in questionf, andb' are called isotropic and
anisotropic “intrinsic fields”,¢ is the angle which the magnetization makes withtibnd of

the F&" to itsi™ oxygen ligand. The intrinsic fields] ,b' depend only on the nature of the

ligand and on the ligand-Feion distance.

An essential role for the NMR spectra interpretagdays symmetry of the crystal. TA&e
nuclei disposed il anda sites possess; $Cs4) and G; symmetry respectively. As was shown
[Robe62] the hyperfine field on th&e nuclei in yttrium iron garnet can be writtertlie form:

B, = B + B,, [{3cos 6- (3.BB

HereB, is isotropic andBay is anisotropic parts of the hyperfine field acton®’Fe nucleus@is
an angle between magnetization direction and lsgaimetry axis. The isotropic part of the
hyperfine field includes the hyperfine field of i@é ionBy.e, the supertransfer hyperfine field
Bst (the part ofB; depending on the magnetic moments of surroundatigrs and F& - O -
Fe’* bond angle) and the rest of isotropic parBgf The contributions from dipolar fielBaip
and from anisotropic part of the crystal fifdare included in anisotropic p&hy.

In the case when magnetization lies along the =idection all 3 symmetry axes af-
sites (lying along <100> direction) makes the samngle 6=54.74 with the magnetization
direction. Therefore, keeping in view the express(8.1.3.4), alld sites have equal NMR
frequency and only one NMR line corresponding te tesonance on th¥Fe nuclei ind-
positions can be observed for that magnetizatioection. In the case of a-sites there are two
magnetically inequivalent sets afpositions:a; with the local G symmetry axis parallel to the
magnetization8,;=0° and a, when the local three-fold symmetry axis and magagon lie
along different body diagonaBs>=70.53. The®’Fe NMR spectrum of yttrium iron garnet then

consists of three lines with the ratio of interesitl: a;: a, = 6: 1: 3.

3.1.3.2. Separation of domain wall and domain NMR.

As was already mentioned, the enhancement faétthreoradio frequency field can be
different for the domain signal and for the sigfraim the domain walls. This fact can be
employed for the separation of domain wall and darheMR.

For a spin-echo sequence with pulses of the duratiand27; the dependence of the

NMR echo amplitud®; on therf field Biis given by:
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B, OJ7sin(¢) co{ 2)| (3.1.3.4)

where ¢ =B, 7,y is the angle by which the nuclear spins are tuch@thg the first rf pulse.

This leads to maxima of the echo amplitude at
¢g=nl2+nn (3.1.3.5)
An example of the dependence of the spin echoitudplonB;s measured at frequency
76.05 MHz 6; line) in the®’Fe NMR spectrum of YIG thin film at 4.2 K is shownfig.3.1.3.1.

1.2 T T T T ] T T T T ] T T T T

B Brf/Brf,max:O .037 -

0.9 —

domain signal
i Brf/Brf,max:O-0034

echo amplitude (arb. units)

0.6} -
0.3}—
: wall signal :
r —
0 U NN D W (S T T AN AN RN SRN SE S
-3 -2 -1 0

Log(Brf/Brf,max)

Figure 3.1.3.1. Dependence of the spin echo andglittn the rf fieldB,; scaled by its maximum value
By, max (YIG thin film, f=76.05 MHz, T=4.2 K) [Eng|98].

Maximum spin echo amplitude Bf [10.037By, max (WhereBy, maxiS the maximum value
of By) corresponds t¢ O 172. The next maximum occurs at highigy (B [0 0.12By may that
corresponds to=1 in expression (3.1.3.5). In the region of dtithherB,; the inhomogeneity of

the By in the rf coil and ofy leads to the loss of the signal intensity. As aseguence the
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maxima forn=2 andn=3 are not clearly resolved. The maximum at the IdvBas[10.0038
max IS different in its character and corresponds &wtiall signal.

The Fourier transform of the NMR signal excitedhathe B, [10.0034t, nax and By [
0.03B, maxwas made. Corresponding spectra normalized tomtheémum amplitude are shown
in Fig. 3.1.3.2. With the higlB;s value the narrow domain signal is observed exaatlyhe
frequency of the excitation (76.05 MHz) whereasléw By a broad spectrum of the domain
wall signal appears with the maximum at 76.1 MHndB8]. The shift of the maximum
corresponds to the different values of the hyperfield for the magnetization along the easy

[111] axis in domains and for the magnetizatiomglthe direction [110] in the center of the
wall.

1.2 I | 1 | I | 1 | T
: wall signal 4
n Bi/Brt max=0.0034 |
i domain signal
09 L Brf/Brf‘maX:OO37
0.6 |—
_‘é’ -
0.3 |-
O Y i\ 1 ]
75.5 75.7 75.9 76.1 76.3 76.5

Frequency, MHz

Figure 3.1.3.2. Fourier transform of the spin eeloited with two differenB;; amplitudes. (YIG thin
film, f=76.05 MHz, T=4.2 K) [Engl98].
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Selecting the excitation amplitude of rf fieBk corresponding to the domain signal
excitation the’’Fe NMR spectrum (see figure 3.1.3.3) can be obtiawieere all lines], a; and

a» are well resolved.
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Figure 3.1.3.3. NMR spectrum UFe nuclei in YIG at 4.2 K in zero external magnéigtd. Signal from
the domains [Engl98].

The expression (3.1.3.3) can be rewritten in tesfifeequencies:
v =v! +v, (3cos? 6 1)  wherd =a,d (3.1.3.6)
Here v| andv), are isotropic and anisotropic parts of the resbrisguency accordingly.
From the resonant frequencies of #ieand a; lines the values of the, andv,, can be

determined unambiguously. In order to determinecireesponding frequency constants dor
line the magnetization should be rotated to anathem <111> direction by applying an external

magnetic field. In Table 3.1.3.1 the values of éhesnstants foa andd positions are displayed:
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.. V|I VANI
Position Paper
[MHZz] [MHZz]
a 75.808 -0.366 [Camp92]
75.809 -0.373 [Koho96]
q 64.958 -0.043 [Camp92]
64.961 -0.046 [Koho96]

Table 3.1.3.1 Isotropic and anisotropic constamts fandd-positions in YIG.

Selecting the excitation amplitude of the radexfrency field corresponding to domain

walls signal excitation the broad unresolved spectis observed (see figure 3.1.3.4) [Camp92].
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Figure 3.1.3.4.°'Fe NMR spectrum of pure YIG, T=4.2 K. Signal frone tdomain walls [Engl98].

In some cases the differences between enhanceaotd within domain rfyon) and within
domain wall @wai) are not large enough to separate the signal coems from the walls and
domains. Here the different spin-lattice relaxatiates in the domains and in the domain walls
can help to separate the signals. In the domaits Wl frequency excitations of the walls open
an extra relaxation channel, which decreases thraton rates for the nuclei in the walls. If the
repetition time of the echo sequence (TR) is lortban the spin lattice relaxation time of the

walls (T1 wan), but shorter than the spin-lattice relaxationetiof the domainsTg gon), the domain
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signal is severely attenuated and mainly the wgha is left. The comparison of the spectra
determined with fast and slow TR thus allows toasafe wall's and domain's components of
the signal. This is shown in figure 3.1.3.5 whére dependence of the spin echo intensitBen

is displayed for different values of TR [Engl98].
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Figure 3.1.3.5. Dependence of the spin echo andglian B, / B: max for three different repetition times

TR of the echo sequences. (YIG:Ca, f = 76.05 MHz412 K) [Engl98].

As can be clearly seen from the figure 3.1.3.4,°fRe NMR spectrum from the domain
wall is much broader than in the case of specttaiodd from domains. The interpretation of
corresponding NMR spectra obtained from the domailts is rather complicated and mostly is
used for obtaining information about domain wallgmaeters and dynamics. Below in this thesis

we will be only dealing withi’Fe NMR spectra obtained from the domains.
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3.1.3.3. ¥ antisite defects.

In an ideal yttrium iron garnet the octahedraites and tetrahedral d-sites are occupied
by the F&" ions while dodecahedratpositions are completely filled by the*Yions. In real
YIG system, however, a small amount of th& ¥ations can appear on the &@ositions (Y
antisite defect). Because of relatively large radifi Y** ion it prefersa-positions to relatively
small d-sites when it replaces Feion. When the magnetic Feion is replaced by a
nonmagnetic defect, the hyperfine field on the maesiog Fe nuclei close to the defect is
changed. If the change is larger than the NMR liddw satellite lines in the NMR spectra
appear. In the figure 3.1.3.6 the rich satellitectire caused by the intrinsic Y antisite defects
are displayed. The measurements were performeguad helium temperature and zero external
magnetic field on the high purity YIG single cryisggown from the BaO/BOs flux.
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Figure 3.1.3.6. NMR spectrum tFe nuclei in the high purity YIG single crystal4a® K. To see clearly

the satellite structure, the spectra were magnjfed)|98].
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3.1.3.4.>"Fe NMR in substituted YIG.

A large number of cations exist which can be inooaged into the garnet lattice. From the
point of view of valence states and crystallograpgiositions the YIG formula can be written in
the following way:

{eYreT(Fe) Q
(3.1.3.7)

The character of the substitution is defined by ideic radius and valency state in the
corresponding crystallographic position. An impattgoint is charge compensation. If, for
example, a trivalent ion Eeis substituted, the substituting ion must be temaor, if higher
valent (ex.: Si, Gé"), it should be combined with a lower valent catiem.: C&*, Cd). If
one does not take this measure, the system matyinesmme sort of “internal compensation” by
formation of F&" ions (on doping with higher than 3+ valent catjomsFé " ions (in the case of
doping by lower than 3+ valent cations) or by otiypes of defects.

On performing substitutions, very often a disttibn of the substituting ions on the
different cation sites is observed, especiallyrifigtion between tetrahedral /octahedral and
dodecahedral /octahedral sites. Some preferenoegVer, take place. Large trivalent cations
with ionic radius close to the *Y ionic radius, as a rule, enter dodecahedral jpositi The
examples of such cations are€Band rare earth trivalent ions. lons with spheriahmetry of
the electron ground state substitutéFens in tetrahedral or octahedral positions. laiith
radii smaller than P& ion radius prefer tetrahedral positions{AG&") while ions greater than
Fe’* ion enter preferably octahedral positions>{InS¢"). For small concentrations of
substitutions these rules are satisfied with a g@eoduracy. And thereby for a small

concentrations the chemical formula of the subtgtitigarnet can be written in the form:

v reY[Fe, (AP, ca®) [ Fa, (1, st)) g (3.1.3.8)

where R *" are trivalent rare earth cations, x<0.5 and y& Q3up69, Wink81].
When a nonmagnetic substitution enters the sy#terhyperfine field on the resonating

>’Fe nuclei close to the substitution is changethdfchange is large enough (the frequency shift
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should be larger than NMR linewidth) the satelllires caused by’Fe nuclei having
substitution in their closest neighborhood in tHdRIspectra appear.

Let us consider a small concentration of “nonckdtglefects entering the system (when
the valency of impurity and substituted ion is saene). Supposing a random distribution of the
defects over the sublattice, the probability faudstitution on a certain position is given by the
concentratiorc of the substituent and of t&®" ions in the corresponding sublattice. If there
areN crystallographically equivalent positions in ataér vicinity of the resonating nucleus and
M different satellite lines are generated in thecspen by single substitution in this vicinity, the

intensity ratioo of a satellite line to its parent line is equals t

I, _ N c
o=—"3=—[F, where é§ = — 3.1.3.9
| v rd é o ( )

main

It should be noted that this relation makes posdibldetermine the concentration of the defect
without using an external standard.

As far as the influence of the defect on the higperfield on the resonating nuclei
decreases rapidly with the distance between nacldithe defect, satellite lines caused by the
distant defects are covered in most cases by trenpenain lines. The only satellite lines are
resolved that cause the change of the hyperfind i@ the resonating nuclei large than
corresponding parent line linewidth. The changehef hyperfine fielddBn; on the resonating
nucleus caused by the presence of nonmagnetic ityparits vicinity can be written (keeping
in view expressions 3.1.3.2 and 3.1.3.3) as:

OB, =AB, +AB +Abcos ¢ 13.10)

ip

where termABidip describes the changes of the dipolar field contidou caused by the
substitution.4b'y and 4b' reflect the corresponding modification of tBg contribution on the
hyperfine field.

An interpretation of the>’Fe NMR spectra in polycrystalline YIG containing
nonmagnetic substitutions carried out in the frame independent bond model (or
“superposition model”) can be found in [Engl85, MM88]. Detailed discussion of the model

from the point of view of later results is given3ril.3.5.5.
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In the figure 3.1.3.7°'Fe NMR spectrum of ¥e;,GaFeO1, is displayed.
Concentration of th&a®* substitution is x=0.1 [EngI85, Step98]. Satellites denoted aS*?; ;
describe the situation whe®a®*(d) located in the nearest cation neighbourhood of the
resonatingFe nuclei in a-positions.S°%, ; lines relate to the case of resonating nucled-in

positions having in th&a>*(d) substitution in the second cation environmeksites).
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Figure 3.1.3.7°Fe NMR spectrum of ¥e,GaFe0;, (x=0.1) at liquid helium temperature and zero

external magnetic field.

In the figure 3.1.3.8°'Fe NMR spectrum of ¥ep,AlFeO:, is displayed.
Concentration of thAl** substitution is x=0.1 [Step98].

Satellite lines denoted aS"; ; appear whenAl**(d) located in the nearest cation
neighbourhood of the resonatii@ nuclei in a-positions.S", ; lines relate to the case of
resonating nuclei ind-positions having in theAl**(d) substitution in the second cation
environment @-sites).

From the figure 3.1.3.8 it is clearly seen that ditances between parent (main) lines
and corresponding satellite lines are largeGarsubstituted sample than for tAé-substituted
one. That difference is caused by the fact thatcefbf the diamagnetic substitution on the
hyperfine field at neighbouring iron nuclei depemasnarkably on the ionic radius of the
substituent [Step9g]r(Ga**)=0.047nm > r(Af*)=0.039nm )
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Figure 3.1.3.8°'Fe NMR spectrum of ¥e;,Al,Fe0,, (x=0.1) at T=4.2K and zero external magnetic
field.

The*Fe NMR spectra o®*" andS¢&* substituted samples are displayed in the figure
3.1.3.9 [Koho096, Step98].

In®* and S&* ions substitute preferably, as was already meetipRe®** ions in a-
sublattice of YIG. As far as the influence of thibstitution on the resonatirke nuclei decrease
rapidly with the distance between resonating nueed substitution, it is expected that
frequency shifts between satellite lines and cpoeding parent line are larger for satellites
originating fromd-positions (denoted in the figure 3.1.3.9085 ; or d°% ) because the defect in
a-position is closer td-position than to tha one. Satellite lines designated in the figure 391.3
asa"y;j anda",; (a°%janda>%)) relate to the situation, when (or S substituent is located in
first (the case o&";; anda%; satellites) and in second'l,; and a®%; satellite lines)a-cation
neighbourhoods of the resonating nuclei. The dfierfrequency distances between satellite
lines and corresponding parent lines forsubstituted and&Gcsubstituted YIG samples result
from the difference in the ionic radii of the suhsnts [Step98Y]:r(In®*)=0.08nm >
r(Sc¢*)=0.074nm
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Figure 3.1.3.9°'Fe NMR spectra ofin®* andS¢* substituted YIG at liquid helium temperature aredoz

external magnetic field.

In the figure 3.1.3.10 th¥Fe NMR spectrum of ¥,LuxFeO12 (x=0.1) and spectrum of
Y sxLaxFe;01, (x=0.1) are displayed [Engl96, Koho96].

La®* andLu®" substitutions occupy in the YIG systerpositions. In the figure 3.1.3.10
satellite lines designated d¥ (or d"?;) relate to the case, when resonaffiegnuclei ind-site
hasLa®* (or Lu®") in the nearest-position. Satellites denoted a<'; (or a-%,) originates from
the resonating nuclei im-sublattice having in the nearesneighbourhoodLa® (or Lu®")
substituent. Satellite lines", » (or @, ;) correspond to the composite satellites, causeiivby
or more substitutions in the vicinity of resonatingcleus. Both spectra have similar satellite
structure, but distances between satellite lineks amresponding main lines are larger @+
substitutedsample. In addition, satellite lines caused bydhlestitutions are on different sides

with respect to the parent lines.
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Figure 3.1.3.10°'Fe NMR spectra ofu®* andLa®" substituted YIG. T=4.2K and zero external magnetic
field.

These differences originate from the fact thataftd the substitution on the hyperfine

field (see 3.1.3.1) at neighbouring iron nuclei elegls remarkably on the ionic radius of the
substituent: r(La®) = 0.1160 nm> r(¥*")=0.1019 nm while r(Lu®**) = 0.0977 nm<
r(Y*")=0.1019 nm
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3.1.3.5. Identification of the satellite lines.

3.1.3.5.1. Crystallographic and magnetic equivalemrc
Application to the garnet structure.

Let {G} be the space symmetry group of a crystal strudturguestion containin@c
operations per unit cell. Unless stated otherwiseuse thes@g operations in the following
discussion. By applying them to a "reference" ditea general position, a set ol
crystallographically equivalent sites (CES) is aletd — these sites can always be chosen to lie
in a single unit cell. If the reference site isaispecial position the CES set contains lesstBan
sites. As far as the NMR is concerned, the sitéschvare connected by mere translation or by
inversion, are fully equivalent and it is sufficieto consider their single representant. In the
presence of an external magnetic field or in tres@nce of a spontaneous magnetization, only
those sites in the CES set remain equivalent waiiehconnected by operations which leave the
field direction unchanged, or (because of the timversion) by operations which invert the field
direction. The CES set is thus divided into subeétaagnetically equivalent sites (MES). If the
sites are occupied by the iron ions, each MES degive rise to a single NMR line. Relative
amplitudes of different NMR lines will be in thersa ratio as the numbers of sites in the
corresponding MES sets.

The concept of crystallographic and magnetic edenae may be easily generalized to
the pairs of sites, or to any other configuratidrpoints in the lattice. For the pair of sites we
define crystallographically equivalent set of cgafiations (CEC) as a set of all pairs which are
obtained from a given pair lnys symmetry operations of the gro{d}. In order to be defined
unambiguously, one should require that the firstrga of the pair always lies in the same unit
cell (the second partner may lie beyond the céll)the presence of a magnetic field or/and
spontaneous magnetization the CEC set is decompiogedubsets of magnetically equivalent
configurations (MEC) in the same way as the CESssdecomposed into MES sets. Since the
presence of the defects causes a shift of NMR &ecy in general each MEC set of the’(Fe
defect) pairs gives rise to a single satellite linehe NMR spectrum of ‘Fe. There exist an
infinite number of possible pairs and thus therk & an infinite number of the satellite lines. It
is reasonable to assume, however, that the shifth@fresonance line decreases with the
increasing distance between the defect and tfi&i6e. Therefore, only a limited number of

MEC sets will give rise to the resolved satellitedjile the rest of MEC sets will cause a
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broadening of the lines. The ratio of amplitudegsha satellite lines is equal to the ratio of the
numbers of configurations in the corresponding MieG.

Let us now consider the case of yttrium iron gariiéie space symmetry group of the
garnet, as was already mention®,, contains 96 symmetry operations per unit cell.okding
to the above discussion we get set of 96 CES fggex ions, which are located in general
positions. They may be generated from an oxygenasi(x, y, z), where @and x, y, z are the
lattice parameter and oxygen parameters, respgctiver the octahedral site-gite), located at
the origin, the procedure leads to 16 crystalloiegdly equivalent sites. 24 crystallographically
equivalent sites are obtained for tetraheddaland dodecahedrat)(sites, with the reference
sites located at,€8/8,0,1/4) and #1/4,0,3/8), respectively. For magnetizatdralong the [111]
direction one gets that the CES setdddites is identical with the MES set (i.e. dikites are
magnetically equivalent for this direction &F), while the CES set of theesites is divided into
two MES subseta; anda,. The subsedy contains four sites (for these sites local trigands is
parallel toM), while the subsed, contains remaining 1a-sites. It is now easy to see that the
NMR spectrum of’Fe in an ideal YIG foM || [111] have to consist of three lines with ratio of
integral intensities 24d(sites) : 4 & sites) : 12 &, sites). For a general direction Mfthed-sites
give rise to 6 NMR lines and tleesites to 8 lines. The sum of intensities of thines is two
times higher than that of tlelines. The decomposition of the sites in the casioblattices into
sets of magnetically equivalent sites for severaations of the magnetization is given in Table
3.1.3.2.

Direction ofM
Sublattice [1, 1, 1] [0, 0, 1] [1, 1, 0] [a, b, c]
Nves n Nves n Nves n Nves n
a 2 4,12 1 16 2 8,8 8 8x2
1 24 2 8,16 2 8,16 6 6x4

Table 3.1.3.2. Decomposition of the®Feation sublattices (CES sets) into magneticallyivaient site
(MES) subsets for several directions of magnetivatiNyes is the number of the MES

subsets, n is the number of sites in each MES subse
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Let us now consider the satellite structure of*fife NMR spectrum, which is caused by
defects located in one of the cation sublatticesalinost all cases the paifset*-defect) have
no symmetry left and, as a result, the correspandiEC sets contain 96 pairs. TG, group
contains inversion and [(1/2)(1/2)(1/2)] translatiand according to the discussion in the
previous part, maximum number of the satellitedigerresponding to a given CEC set is then
24. There are only three exceptions when this numstemaller, because the pairs still possess a
residual symmetry:

(A) both partners in the pair are @asites with a common trigonal axis of symmetry (C3
symmetry remains).

(B) first partner is on thd-site, second partner is on tbeite, which lies on the S4 symmetry
axis, which itsd partner would have in an ideal crystal (C2 symgnegmains)

(C) as (B), but both partners areasites.

In Table 3.3.3 the decomposition of the crystabgpically configuration (CEC) sets
into magnetically equivalent configuration (MEC}sand the numbers of configurations in the
MEC subsets for several directions of the magnebizais displayed.G in the table 3.3.3

denotes configuration of the pair with no symmdify.

Direction ofM
C;EC 1,1, 1] [0, 0, 1] [1,1,0] [, b, c]
et
Nyiec n Nyiec n Nyiec n Nnec n
G 4 4x 24 3 3x 32 6 6x 16 24 24x 4
A 2 412 1 16 2 8,8 8 8x 2
B, C 2 24,24 3 3x 16 4 2x 8,2x 16 12 12x 4

Table 3.3.3. Decomposition of CEC sets into MECssthfor several magnetization directions. For

explanation of Nec, n see caption to Table 3.1.3.2.

Using the Tables 3.3.2 and 3.3.3 the qualitativenfof the NMR spectrum can be obtained. In
particular, the number of lines, relative interesitof the main lines as well as relative intersitie
of the satellite lines and the intensity ratiosac$atellite line to its parent line may be directly

determined.
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In table 3.3.4 the relative intensities of theellée lines, caused by different types of the

substitutions, and corresponding parent lines ims$eof substitution concentratianare given

for the magnetization direction [1,1,1].

Designation ag do “a? “d°, “d’ al d/
M Rel. Int Rel.Int Rel. Int Rel. Int Rel.Int
[1,1,1] 4:12 24 2| 88:24¢ 248 248

Table 3.1.3.4. Relative intensities of main linad aatellite lines caused by different types oedgf.

Magnetization direction is [1,1,13.is defined by equation (3.1.3.9):= 1-c i\
-C
designates the number of lines in current CEC.

In this table symbolay andd, designate CEC in which there are no defects iwittigity of the
resonating nucleus located arandd-position respectively. Symbofsa® correspond to CEC,
where on theCs symmetry axis in thé™-neighbourhood of resonating nucleusaiposition
there is substitution ia-sublattice. Symbol§zd°, “d designate the CEC, where the defect is
positioned on the-site or correspondingly d-site on the symmetrys &iin i"™-neighbourhood

of the resonating nucleus frotsublattice. Symbols/ ,d/ relate to the CEC, where the defect

is positioned on th¢=a,d,c sublattice ini"™neighbourhood of the resonating nucleusajnt

sublattice respectively when no symmetry is left.

3.1.3.5.2. Different types of defects.

Magnetic ferrites are, as a rule, far from beidgal systems. Usually they contain a
number of impurities and intrinsic defects. The imfies may enter the system from not pure
enough starting compounds, other impurities erterslystem during the preparation. In many
cases it is possible to identify the satellitesseauby the specific impurity by intentionally
increasing the impurity concentration and findinige tcorrelation between the satellite
amplitudes and the concentration of the impurityndB5]. When this is not possible,

comparison of systems prepared in different wayg nedp [Wagn94].
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For cation impurities information on the valencytbé impurity may be obtained from
the shape of the satellite lines [Wagn95]. If tiademcy of the impurity and substituted ion is the
same (“noncharged" impurities) impurities are distted randomly as a rule and this leads to
pretty identical shapes of satellite and correspandain lines. On the other hand, because of
the Coulomb attraction impurities with valency di#ént from the valency of the substituted
cation ("charged" impurities) may tend to be assed with another "charged" defect (for
example, in YIG PB may attract Si impurity, if both are present in the same systeFhen
the distribution of such defects is nonrandom. ahwplitude of the "composite" satellites is
enhanced and at the same time the amplitudesroplsi satellites caused by a single defect are
decreased. If this is the case, relation (3.1.3r&f)esents only an upper limit for the actual
concentration of the impurity. It is also probabtat the preferential pairing enhances not only
resolved “composite” satellites, but also unresoleaes. Therefore, the satellite lines caused by
a "charged" impurity will be broader than corresgiog main line. Thus, the line shape of the
satellite can be used to distinguish "charged" ‘&mhcharged” impurities. Some caution is
necessary, however, as the distribution of the ¢hanged" impurities might not be entirely
random too. The correlation between the impuritrdsich leads to the nonrandom distribution,
may be caused not only by the Coulomb interactiondbso by an elastic energy. Thus, the
shape of the satellite line may deviate from thepshof the main line also for the “noncharged”
impurities. Nonrandom distribution of the cationayralso be induced during the growth of a
thin film [Wink81].

3.1.3.5.3. Sets of crystallographically equivalemonfigurations.

When the satellites caused by a specific defecidarified the next task is to find out a
correspondence between a given satellite line goatrtecular CEC set. It should be noticed that
usually the change of resonant frequency causeithdypresence of the defect is substantially
smaller compared to the difference of resonantueeqy of F& ions in different oxygen
coordinations. For examplgedof a andd site F&" ions differ by more than 10MHz. Splittings
between the main and satellite lines are much smadtleing less than 2MHz. This allows
differentiating between the CEC sets in which teeonating nuclei are on the sites with
different oxygen coordination.

The presence of the defect often modifies the exgdanteractions. This is certainly the
case when a nonmagnetic impurity is substitutecaf&8" ion and several exchange bonds are

thus broken. It is generally accepted that the tFatpre dependence of the hyperfine field on
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the nuclei of a magnetic ion follows the temperatdependence of the average value of the
electron spin <& of the ion. <$> is in turn determined by the exchange field arwm the
magnetic ion. If this field is isotropic <Sshould be the same for all members of the san@ CE
set. Because Eeion is in theS electronic ground state, any anisotropy of theharge is
expected to be very small [Wink81]. As a conseqeetie temperature dependence of the
splittings (satellite - main line) is expected ®the same for all configurations belonging to the
same CEC set.

The modification of the hyperfine field by the deffein principle decreases with
increasing distance between the defect and thenaéiag nuclei and that fact can be used for
identification of the satellite line. Caution isated, however, when applying this argument - an
important part of the change is connected withctienge of the transfer and supertransfer of the
electrons. Here often the angles between the boradker than distances decide which
interaction is stronger. A similar situation ariseghe superexchange interaction. An example
relevant to this problem is provided by thesEaGe0,, garnet, where the superexchange
interactions between the nearest and second neBef%n) neighbours are of the same

magnitude [Brue88].

3.1.3.5.4. Sets of magnetically equivalent configations.

The only possibility to make an unambiguous comesience between a given satellite
line and a particular MEC set is if the pairs (@efee’* ion) still retain some symmetry (in the
garnet structure pairs A, B, C in the Table 3.1).3T8e correspondence may be then established
by measurements of the angular dependence of duragogether with the symmetry analysis.
If pairs (defect-F& ion) have no symmetry left (general pairs in Talfd.3.3), the
identification, based on the experimental resutiy,ds not possible and a microscopic model is

needed. In some cases a semiempirical “superpus(to “independent bond” model) can help.

3.1.3.5.5. Superposition model.

The superposition model is based on a pictureithabmpounds of ionic character the
ions keep in a first approximation their free idraacter having the effect of an environment as
a small perturbation. The Hamiltonian of the trdosi metal ion is then approximated by the
Hamiltonian of corresponding free ion plus conttibns from its ligands. Within the
superposition model the contributions of the indibal ligands to the Hamiltonian are assumed

to be (1) mutually independent (additive) and (&pBy symmetrical around the cation-ligand
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bond. The contribution of the oxygen ligands (imthg the supertransfer contributions in the

Fe-O-Fe or Fe-O-Y triads) to the hyperfine fiefdiee FE" ion may be written as
N . .
B. =Y (f+Bcosg,) (3.1.3.11)
i=1

where the sum is over N ligands of theé"Fen in question andb' are called isotropic and
anisotropic “intrinsic fields”,¢, is the angle which the magnetic moment of ken makes with

the bond of the ion and its" oxygen ligand. The intrinsic fieldd, andb' depend only on the

nature of the ligand and on the*fen-ligand distance.
When there is an impurity on a cation site nea&r ithsonating nucleus the electron

structure of the oxygen in a triad 3©?- impurity is modified by the presence of impurity.
Then one should expect a modificationBaf Neglecting the change of geometry caused by the
impurity and taking into account relation (3.1.3,1the corresponding change B¢ will have
the form:

AB. = A, +AB cog ¢, (3.1.3.12)
where Ab, and Ab are the changes in corresponding intrinsic fields.

As the anglesg, are known from the geometry of the compound instjas, only two

parameters are needed to characterize the splitétween satellite and the main line caused by
the change of an electron transfer in bonds wiflghimuring oxygen ions (including oxygen
mediated supertransfer in triads *F&?-impurity). Moreover, the superposition model altow
to establish an unambiguous correspondence betitheesatellite line and the MEC set. Several
drawbacks of the model should be noticed. One mighta deviation from its prediction
connected with the fact that the assumptions orchvhiis based are fulfilled only partly. The
path for the electron transfer may be more comgitéhan the simple triad considered above.
For example, the c site of the garnet is bondethéonearesa or d site through two oxygen
ligands.

The superposition model for magnetic garnets wstedein [Step99]. For the testing of
the superposition of independent contributionsioglse bonds between the central iron cation
(with resonating nucleus) and ions in its surrongdithe composed satellites were investigated
and then the results were taken into account forpawison of frequencies of main lines in YIG
and GdIG and satellite lines in3YGdiFesO12. The composed satellites, induced by a
simultaneous presence of substitution in two irositons (i.e. the presence of two substitutions

in a given surroundings of resonating nucleus) wdwdve, according to the additive principle, a
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frequency shift (with respect to a correspondingnniiae) equal to a sum of frequency shifts of
simple satellites (i.e. satellites induced by theespnce of one substitution in a given
surroundings only). The results of the investigatiof composed satellites at 4.2 K for
resonating nuclei ia andd positions and trivalent substitutionsarpositions (In, Sc, Y) and in

d positions (Ga, Al) have revealed that the diffeeebetween shifts predicted by the additive
principle (superposition model) and real shiftspectra are small. The maximal deviation from
the additive principle was detected fof*Ysubstitution ina position closest to a resonating
nucleus ind position and equal ~15%.

Besides the superposition of independent contdhstthe independent bond model has
also a suggestion of the axial symmetry of the ciropy part of contribution (i.e. the part
depending on the direction of the magnetic momérthe central iron ion) with the axis of
symmetry along the bond between the central Fercaind oxygen ligand in triad Fe-O-cation.
This suggestion was tested by studying of diffeeeinetween tensors of anisotropy of hyperfine
field defined for main lines and for satellite Iméerhat difference should be (according to the
independent bond model) an axial symmetric tenstr @ne main axis along the bond Fe-O. If
an iron cation is substituted by another catiorbgsituent) then the contribution to anisotropy
tensor given by that iron cation is replaced by shéstituent’s contribution. The foregoing
difference is then the difference between the eftdcthe iron cation and the substituent.
Because according to the superposition model bd#ractions are given by axial symmetric
tensors with the same axis, their difference shduddaxial symmetric too. The possible
influence of deformations of local surroundings uoed by substituent with ionic radius
different from the ionic radius of e deviating an oxygen ion from its original positjavas
studied by a comparison of results for differerdstiiutions having similar electronic structure
of their valent shells, but different in their ioniadii. The results have touched on the central
iron cation ind position and the substituentin the closesa position and the central iron
cation ina position and substituents &and G&" in the closest position. Experimental data
were treated assuming anisotropy of resonant fre;yudescribed by second rank tensd¥ (
consisting of hyperfineA™ and dipolar A7) parts:A = A" + A% (see paragraph 3.1.4 for
details). In the case of the central iron catioml jposition and the substituent*in a position
thorough investigations revealed that no one ofréisailting 24 tensordA™ = AA- AA™ was
axial symmetric and no one of its main axis poirdémhg the link between the positions of the
resonating nucleus and the oxygen ion. So the usimi was that the independent bond model
in the form of its second suggestion is not an appate approximation for the case of the ion
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with resonating nucleus ithposition and substituent in the closagtosition. For the case of the
resonating nucleus ia position and the substituent ¥an the closest position the same
procedure of the elimination of dipolar contributidor all the possibilities (in this case the
number of those is reduced to 6 ones) has led ageement with the independent bond model
in just one case. The tensfA™ , reflecting changes of anisotropy of the hyperfietd by the
presence of Ga had one of the main axes pointed) e link between the ion with resonating
nucleus and oxygen in the bond Fe-O-Ga (a deviatiorounted to 238only) and was
approximately axial. By the same way the isotrqc and tensors A for the main and satellite
lines were calculated for the case of the substit@='"* in d position. The comparison of the

results for two substituents pointed out that'Geduced larger changes of the isotropic part, but
it less affects anisotropy component. Tend®k™ for G is more deviated from the axial
symmetry: the main axis corresponding to the makimeain value lies 11away from the link
Fe-O in triad Fe-O-Ge (Table 3.1.6.1).

3.1.4. Anisotropy of the hyperfine field or*’Fe nucleus
in YIG with defects.

3.1.4.1. General description.

Free F& ion has an electronic configuration®3d a ground statéSs),, i.e. the hyperfine
field on a nucleus of a free ion is isotropic. Thyperfine field on the nucleus of that ion could
become anisotropic being incorporated into a ctyatce. The hyperfine field on a nucleus in
a crystal lattice reflects the symmetry of theidatt The field is anisotropic in general, i.e. it

depends on the direction of a magnetization wiipeet to the crystallographic axes, so one can

write Bhf(n), wheren is the unit vector in the direction of the magnation. In real crystal

lattices with defects the symmetry of an infinitgystal lattice is disturbed by the presence of
defects. Then, to describe the hyperfine field om iuclei one can use an idea of
crystallographic equivalent configurations (CEC)lasal crystallographic surroundings of a
nucleus under consideration which can be superietpbagith themselves under symmetry
operations of a space group of the crystal. Unaleallsurrounding of a nucleus one understands

all atoms (including defects) of the crystal latiwithin the sphere, drawn around the Fe ion.
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The radius of the sphere should be chosen sothbanfluence of the crystal lattice beyond the

sphere could be neglected. Then NMR resonanceefrmyufs(n), depending on the value of
the hyperfine field as:

13L1)

(where sdesignates a given CEC), can be used for the idgeor of the anisotropy of the

hyperfine field. Expandingf(n) in series om=(ny,nz,ns) and supposing that(n) = f(-n)

one will obtain:

1( 0 0 AR
fy(n) = z @) [nl . +n, o, +n, dnj fs(n)|n0 (3.2

N
i=0

Limiting ourselves to the first three terms of tepansion and supposing that the derivation

does not depend on the order of variables, onevciaer

3 3
fo(n)=1"+>Ahn + > Bannpn+.. (3.1.4.3)

ij=1 ijkl=1

where for i,j,k=1,...,3 is fulfilled:

A=A, Bi=B=K=8, 6 B=RB=8=R=§= &,
Bk =By =B =B =B =B =B =B=B=8=R= 8 (3.1.4.4)

Taking into account thatn’+n>+r =1, the components of the tensor are not more

independent, i.e.

Bl = Bluy( T - i) = B, =0
Bisoal} = Blaag( 1 —1 ~ 1 1E) = By =0
Biosen,n, = By - Bn - p)= B,,=0
BSsnin,n, = Byyy(nn, - - dn)= B,,=0
Bninn, = By(nn-in-gn)= B,,=0

stzzzng1 = %3222(@2 _nlznzz - n: nsz) = B,,,=0

3.1.4.5)

Having an isotropic tern; in the expansion, one can accept a zero tradeedehsorA, i.e.
A’ + A, + AS,=0 and then the expansion will have the only follogvitonzero terms:
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f(n)=1°+ A2+ A+ (- A= A) B+2 Anny2 Annk2 Anr
4823221n32nl +4%5223n’32r:! + 4 3331@ p+ 4 %32 % {H- 4 512 i"zm' 4 1%.3 ?Ln3ﬁ-

GBleZn:zanz + 6a5133rﬁ rj + 6 55233 é g' (3146)

Then for a general description of the anisotropyesonance frequencies one will obtain 15
independent constants. Having the isotropic tdfmand tensorsA’ and By, for a given
crystallografic equivalent configuration, one cagfide all the resonance frequencies of that
configuration considering‘sw(n) as an invariant with respect to translation fréwa telation:

3 3
fo'(n)=1° +ij;1A GGy +ij;1 Be GGG G'hhpn (3.1.4.7)
0,p,q,r=1

where the terms of higher orders are neglectedigedvthatI® is dominating,G;" (i,j=1,...,3;
w=1,...;m; mis a number of symmetry elements of a point grasij@ vector representation of a
point symmetry of a given crystal Gf)'=(G")", G" .(G")'=I, wherel is a unit matrix). A sum
of resonance frequencies for s's crystallografiaivedent configuration over all symmetry
elements of the point group of the garnet crystéll give us an invariantinv, of that CEC

under condition that the contributions fragj, can be neglected:
18w

Inv, ==>" 2(n) (3.1.4.8)
M=

where m is the number of symmetry operations opthiat group.
Otherwise (if the right part of the equation demend n and n (n; is dependable in the sense
that n=1) ) then it will depend on and n (see formula 3.1.4.9).

3.1.4.2. Intensities and a number of main and satg€ lines in YIG.

Crystal lattice of YIG belongs to the space symseoup O°(la3d) and the point group

0,(m3m). The invariantinv, for s's crystallographic equivalent configuratitam that point
group is the following expression:

1 m
Invs = Ez fsw(n) = I§+(815122 + Blsls3+ 8223) [@2 nzlrf + 2'1? lj +2 é é) (3149)
w=1

Following tables demonstrate how the local symmetmyarticular CEC of YIG reduces the
number of independent components of tens§rsaind By, . For those tensors the relation
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3 3
A= AGEG B = > BIGTGTGRTE" (3L1L0)
k,I=1 0,p,0,r=1

should be fulfilled.G,* are vector representations of all elements ofl lsgametry for a given
CEC.

Local symmetry +3+ ,e.g.S{[111]
Multiplicity of CEC 8

Symmetry elementy S | (SS | (S)° | () | (s | E

o r o
e o o

o O -

-1 0 O 1 0 -1 0
0 -1 0 0 0 0 -1
0o 0 - -1 0 O

Conditions for A5 = A5 =0 S _ AS_ AS s _ ps — RS
17 A22 g Alz_ A13_ A23 1122~ 81133_ 2233
components of BS —BS = RS s _Bs - pe
tensorsAjS and Bljskl 1112 22237 3331 1113~ 222T 3332

00
10
01

= o o
o o R
kP o

0 0 -1
Vector reprezentatio n{—l 0 0}
0 -1 0

fo(n) =17 +2A%nn, +nn,+ n,n,

Expansion of s
resonapnce frequency481112( nn+rn+gn)+4 B, 4o e i+

6B (M + T+ 1§ 4)

Table 3.1.4.1. — An influence of local symmetryaagiven CEC on anisotropy of a resonance frequency.

Local symmetry +32 ,e.9.(C{0[1,1,1)) O (C.[0[-1,1,0])
Multiplicity of CEC 8
Symmetry elementy ~ CS (C$)? E C, (0 C>
001 01 10 0O -1 0 0 0 -1 -1 0 O
Vector reprezentation[l 0 g] {0 0 g] {0 1 % {—1 0 OJ {o -1 o} [o 0 —1J
01 10 00 0o 0 - -1 0 O 0 -1 0

Conditions for A5 = A5 =0 S— AS— AS s — RS — RS
17 A22 Y A12 - AlB_ A23 1122~ 1133~ B2233
components of BS —BS —B° =R =B = B
tensorsAjS and BlJSkI 1112 2223 3331 1113 2221 3332

Expansion of f(n)=17+2A%nn, + NN+ nyn, p
S 3
resonance frequency481112( nn+ r‘E n+ @ n+ ,ﬁ n+ E‘ n i" n+

6B (M + T+ 3 4d)

Table 3.1.4.2. — An influence of local symmetryaajiven CEC on anisotropy of a resonance frequency.
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Local symmetry 2+ 22 ,e.9.(CY0[1,0,0)) 0 (C50[0,1,2)0 (C311 [0~ 1,17,
Multiplicity of CEC 12
Symmetry elements CS Cs C; E

-1 0 O
0 0 -1
0 -1 0

(Cz:oomngglno::tloorf AL==2R5 A= AL=0, B~ Bl Boor Bl
tensorsA® and B3, Briz = B3 = Bl B 0

Expansion of f(n)=17+AL(-2n7 + 15 + 18 )+ 2Apn,n+ 6 B, 8 +
resonance frequendyeBy,(nir + f§)+4 B Ao+ 4 )

N
o o P
o r o
e o o

7~
|
o O LN
= O O
- o

1 0 O
Vector reprezentatiop [0 -1 01]

Table 3.1.4.3. — An influence of local symmetryaafiven CEC on anisotropy of a resonance frequency.

Local symmetry 4+  e.9.510[0,0,1]
Multiplicity of CEC 12
Symmetry elements S: (S7)? (S7)° E

T/
o O+
o O
=2 O o

-1 0 0 0 -10
0 -1 0 1 00
0 O 0 0

Conditions for AS = AS S _ AS_ AS_— s _ ps

1~ A22’ AlZ - A13_ A23_ 0’ 1133~ 2238

components of B = _ps B° = B° =B = B°. =0
tensorsAjS and BlJSkI 1112 2221 2223 3331 1113 3332

Expansion of | fi(n)=17+Ai(ny +n7 —2n] )+ 6B,,m1E +
resonance frequenqyeB?o(nirg + £ rf)+48i( 8- 8 1)

0 10
Vector reprezentatiop [—1 0 ﬂ

Table 3.1.4.4. — An influence of local symmetryaagiven CEC on anisotropy of a resonance frequency.
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Local symmetry *3¢ ,e.0.C;0[1,1,1]

Multiplicity of CEC 16

Symmetry elements Cs (CS) E

Vector reprezentatio

-
N
o r O
P o o
Qo =

01
001
10

N\
o o P
o r o
e o o

Conditions for s = AS = S — AS— AS s — gs = Bgs
Components Of Ail A22 1 AlZ Ai;s A23S 1122S 1133 2233

s s Bl = B3yos= Blam 1115 P oooT D g
tensorsA; and By,

Expansion of fo(n)=1;+2A5 (NN, + nng+ nyny } 6B, M+ i+ 5 4)
resonance frequendyeag (rin, + n+ 4 )+ 4 Bl B g+ Anv D)

Table 3.1.4.5. — An influence of local symmetryaafiven CEC on anisotropy of a resonance frequency.

Local symmetry 2¢+ ,e.9.C}][(1,0,0)
Multiplicity of CEC 24
Symmetry elementg C) E

Vector reprezentatio

=]
T/
o O -

|
© L ©
|
3OO
T/
o O
o O
e o o

Conditions for s = S =
components of Az = A =0
tensorsA’ and By,

s —_ RS = - -
BlllZ - B333l_ 1113~ 2221 o

Expansion of | f(n)=17+ ANy + AonZ + (- Al - AZ)NS +2 Azn,ngt

Table 3.1.4.6. — An influence of local symmetryaadiven CEC on anisotropy of a resonance frequency.
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Local symmetry «¢2 ,e.9.C2[)[1,1,0]
Multiplicity of CEC 24
Symmetry elementg C2 E

Vector reprezentatio

-
~
o R O
1

o o
N
o o P
o r o

e o o

Conditions for s = As S—_AS BS.= BS BS = B°
Components Of All A22’ A12 A1_3’ 1133 2238 1112 2221

S —_ S S S
tensorsAf and Bljskl B1113 - B2223; 83331_ -B 3332

Expansion of f(n) =17+ ALNS + 5 =2 )+ 2 A% (= nyn )+
resonapnce frequency2A£2nln23+4Bfll2( rflq + rj lﬂ)‘*’ 4 %l& ﬁ.] p_ i‘ §)+
483331(1‘]3!’11— rﬁ@)+6 3122'1 l§+ 6 %33( ﬁ' §1+ 51 321’1)

Table 3.1.4.7. — An influence of local symmetryaajiven CEC on anisotropy of a resonance frequency.

Local symmetry 1
Multiplicity of CEC 48
Symmetry elements E

Vector reprezentatio

-
N
o o P
o r o
e o o

Conditions for
components of

tensorsA’ and By,

f(n)=1;+ AN+ AonS + (- A - AN +2 Ajnn,+

Expansion of 2A153n1n3+ 2 A;SI‘IZ ng+ 4 Sllzﬁl n+ 4 521 g‘ A 4 513 ?‘3”
resonance frequency“'stzzsner +4 B;33lrg, n+ 4B, @ n+ 6 B, ﬁ‘ j"‘"
6815133ni n§ + 6B, FE rj

Table 3.1.4.8. — An influence of local symmetryaagiven CEC on anisotropy of a resonance frequency.

Reducing the local symmetry elements of CEC fromshimmetry elements of point group in
the formula (3.1.4.7) and considering that relataanbeing an invariant to inversion one will

have the maximal number of main lines and theielbis in°>’Fe NMR spectra. Designating

G,* (wherews=1,...ms andms stands for the number of residual symmetry eles)exgt a vector
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representation of elements of point symmetry groaughout the reducted elements of local
symmetry of CEC one will obtain:

3 3
fo(n)=1°+ > AGIGn+ > B GGG Gpppn (3.1.4.11)
ijkI=1 ij.k,l=1
0,p,q,r=1

wherem, depends on the local symmery of a given CEC.
Supposing statistically random occupation of defe¢teach type and their small concentration
in the crystal lattice, the integral intensitiestoé main lines and satellites will obey the

binominal law describing the probability to findfdcts inK positions from\::

P () =mw f1-¢)" " (3.1.4.12)

whereN is the number of positions in a given surroundifigesonating nucleus of an ¥don

where a defect of the crystal lattice could ocdwe. (N is the number of neighbours). The

probability to find the defect in a particular ptosn is Pll(c) = c(concentration of defects in a

given sublattice) and the probability that in tpasition there is no defect i8)(c) = (1~ ¢).

Provided that the concentration of defects is la{X) the probabilitities of a finding of two or
more defects in the surrounding of a resonatingemsoof an F& ion are negligible.

The next table 3.1.4.9 collects data on local sgines, intensities, number and
designations of the lines of different CEC whichuldooccur in YIG. In this table the ,order”
means the order of expansion in the relaions (F).43.1.4.11) taken into consideration.
Symbolsa, andd, mean CEC without any defects in neighborhoodsafespondinglya and
d positioned resonating nuclei, symbdia® mean CEC having defect @position on the
symmetry axis gin i-surrounding of resonating nucleus which isiiposition as well. Symbols

“d°® mean CEC having defects @position on the symmetry axis,@n i-surrounding of

resonating nucleus that is éhposition. a' and d! are CEC with defects in i-surrounding of

resonating nuclei ia (or d) position and indexgsa,d,c mean the sublattice in which the defect
IS located.
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Symmetry of CEC *3e Qoo *3e 20 1
Multiplicity of CEC 8 12 16 24 48
Designation of CEC a, d, “a? “d° a’, d’

N | Inten. | N | Inten.| N | Inten.| N | Inten. | N |Inten.
n Order | of | [1-c] | of | [1-c] | of [c] of [c] of | [c]
lines lines lines lines lines

(Ng,N2,Ng) 0 1 8 1 12 1 16 1 24 1 48

(Ng,Ng,Nn3) 4 8 1 6 8 2 12 24 2

(Ng,Nz,N3) 2 4 2 3 4 4 12 24 2

(1,1,0) 4 4 2 3 4 4 6 4 1 4
(1,1,0) 2 3| 224 2 4:8 3 448 6 4 12 4
[1,1,1] 4,2 2 2:6 1 12 2l 412 2 12 A 1p
[1,1,0] 4,2 2 2 4:8 2 8 4 8:8:4(46 8

[1,0,0] 4,2 1 2 4:8 1 16 3 8 1¢

Table 3.1.4.9. Local symmetry, intensities, nundat designations of the lines of different CEC MRI

spectra of YIG with small concentrations of defettere N is the number of lines in a spectrum.

Usually, experimental data of Feén trivalent cation states in magnetic oxides are
analyzed in approximation of the second rank terteerinfluence of further members of the

expansion could be neglected.

3.1.5. Methods of YIG preparation.

Technologies of crystalline inorganic materials gyatly comprise three main areas:
ceramic materials, bulk single crystals and epaibayers on single crystal substrates. Yttrium
iron garnets in this respect behave quite normelly are processed technologically in all three
categories. However, one serious handicap has wvéeame: magnetic garnets do not melt
without decomposition. Thus, special techniquesshavbe developed for crystallization from
solvents at elevated temperatures, mostly moltedeomixtures, which commonly are called
“fluxes”. Below the preparation of polycrystallimeaterials by the classical ceramic technology

will be described, and the basis for the garnet §irowth technology will be considered.
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3.1.5.1 Preparation of the polycrystalline material

The starting material in ceramic technology ioavger of Y,O3; and FeOs, which has to
be converted into a solid body. This is accomplistiiy shaping and final sintering at a
temperature below melting temperature (1470 In the standard procedure the ceramic
technology of garnets starts with mixing of the stitnent oxides. After that the oxide mixture is
subjected to a prefiring step (several hours a04I#D0°C) which mainly aims at the formation
of the garnet phase.

3Y,0,+5Fe0; - 2Y,FeO, (3.1p

During this reaction, at the relatively higher teargiure, however, sintering also takes place and
results in “baking” of the powder. To homogenize thaction product and to make it once more
reactive enough for the following final sinterings (the particle size should be generally below
1um), this prefired product has to be grinded. Withaddition of any binder the powder is
shaped and hydrostatically pressed with about EHd(ahd finally sintered for several hours at
1250-1450C in an oxygen atmosphere [Wink81].

YIG materials prepared by this method contain aombations entered the system from

the starting oxide mixture and from the materialhaf mill used for the grinding.
3.1.5.2 Preparation of single crystals and epitaxiaingle crystal films.

Standard flux technology of YIG single crystalewth consists of several steps. First of
all the starting mixture of Y03, F&O3; and solvent hearted for melting in a platinum dslgcto
about 1350C. As solvents are used following many-componernxtunes:

a) PbO — Pbf— B,0s

b) BaO — BOs

c) BaO - Bak— B,0Os

The melt is held at this (around 13%0) constant temperature a few hours and then cooled
slowly at a rate 0.5 to 8C/hour to the desired withdrawal temperature. Vdithappropriate
temperature profile (top of the crucible 8 to 1@mdes hotter than the bottom) nucleation on the
surface of the melt is prevented and a great iser@a both size and quality of the crystals
results. The crystals normally stick to the walsl dottom of the crucible, so that they can be

picked up from the empty crucible after the run.
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In the liquid phase epitaxy of garnets, thin filofshigh perfection are grown most often
from a PbO — BO; flux on nonmagnetic garnet substrates. One of tethous is so-called
“tipping” technique. In this technique YIG crysta®r components forming the YIG
compound), a suitable solvent/flux for the YIG andubstrate are placed in a platinum crucible.
The crucible is heated to 1000 to 11D for a time sufficient to ensure saturation of the
solvent. The boat is then tipped so that the solwems over the substrate. When the film has
grown to the desired thickness the boat is tiltadkband the temperature lowered to room
temperature.

Disadvantage of the flux technology is contamommatof the prepared YIG by the Pb
from the flux and by Pt from the crucible. Compansof NMR spectra of YIG samples

prepared in different fluxes could be found in [£8].

3.1.5.3. Synthesis of bismuth iron garnet (BIG) and

bismuth-yttrium iron garnet (BiYIG) films.

BIG as well as YIG is a synthetic material. Thenpbetely Bi-substituted iron garnet
bulk crystals are not a thermodynamic phase at tagiperatures (because of the considerable
difference in ionic radii of ¥ and B#") and so, only thin film material can be obtain€hbe use
of the Liquid Phase Epitaxy (LPE) technique is pcadly impossible in view of the following
reasons. The amount of Bi which can be incorporatéal the garnet lattice increases with
increase of the Bi concentration in the melt{Band of degree of supercooling of the mAITY
and with decrease of growth temperattig).(As Bin andAT increase andy decreases, the melt
becomes highly viscous and the metastable supedathte approaches the lability point. This
results in the lowering of diffusion rate of solated precipitation of microcrystallines. Finally,
the crystal growth will not proceed any more. iffities associated with LPE growth of BIG
will be avoided by separating the material sourcenfthe substrate and by transporting the
material via vapor phase (epitaxial growth from aapphase). Such conditions one can satisfy
creating the BIG as a single crystal film usingeactive lon Beam Sputtering (IBS) technique
[Okud89], [Sato90], [Okud87], [Okud87MAG], [Okudadlhe IBS process is essentially a non-
thermal equilibrium one. Since sputtered partitiage energy of several eV which corresponds
to thermal energy of several thousand degreestioaaor crystallization may occur at lower

temperatures comparing with those required forlguhermal reaction.
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As far as the bismuth has large ionic radius (0.4} compared to ionic radius of(0.1019
nm), its substitution for yttrium is problematic wew of a strong lattice expansion. The
nucleation and growth of BIG film become favoralflduring the deposition the single crystal
garnet substrate with sufficiently high lattice graeter is kept at appropriate temperature in a
proper oxidizing atmosphere. Substrate for the sitipa should be a material with lattice
constant being close to BIG lattice constant whegnals 1.2624 nm. As a result of testing of
different substrate materials it was found thatghenet phase of BIG could not be obtained on
substrates other than garnet. The good results mwached using NGaO1» garnet with lattice
constant 1.2509 nm and &8cGajO1, garnet with the 1.2569 nm lattice constant.

The target preparation.For deposition of film of multi-component materigith high
uniformity in thickness and composition the fluxsgluttered particles is required to have spatial
homogeneity in composition and density. Such fluaynibe obtained from a target with a
microscopically homogeneous structure and compuositiFrom this point of view a ceramic
target composed of the garnet phase is the bedhi®rwork. The procedure is as follows:
mixing of Bi,O; and FgO3; powders in the molar ratio of 3:5. A mixed powaérconstituent
oxides then should be cold-pressed at 600 kysmd then sintered at the temperature 900-1100
° C for 6 to 9 hours. A target size of 5 cm in diéenés determined by taking into consideration

the divergence of a beam diameter during transpont&rom a beam source to a target surface.

The IBS process consists of the following thre@std) generation of inert gas ion beam for
sputtering, 2) sputtering of target, and 3) depamsitof sputtered particles in reactive
atmosphere. Both of the ion sources for targettespng and for substrate cleaning are Kaufman
type which is suitable for producing homogeneowmb&ith a broad profile. Argon ion beam is
neutralized before bombarding the target to prewbet charge accumulation on insulating

target.

The BIG phase is obtainable if the substrate teatper is held between 470 and 55C.
Substrate temperature required for crystallizatthnming deposition lowers as the bismuth

content of target decreases. The deposition ratleast 0.06 micron/hour.

In the frame of investigations of the thesis wesediBIG single crystal film and bismuth-
yttrium iron garnet single crystal film of high Boncentration, prepared by IBS. Characteristics

of these samples are given in Table 3.1.5.1.
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x 3 2.75

Target composition Bi;Fe;0, (Y25Bla75)2445F 456015
Substrate ( (111) plane) Nd,Ga;0p, (GdCa)k(GaMgsr)O,,
Substrate lattice constant (nm) 1.2509 1.2499

Thickness (pm) 2.75 .75

Lattice constant (nm) 1.2629 .2638

Faraday rotation (°/um)
at 635 nm, room temperature

5.1

EJ]
Lol
i

Table 3.1.5.1 Characterization of iron garnet filjpnspared by IBS.

Three comparative samples with low x were usede @imngle crystal YIG film grown onto
gadolinium galium garnet substrate by liquid phagigaxy (LPE), bulk single crystal (x = 0.02)
grown from flux and polycrystalline sample (x =B)Jrepared by ceramic technique.
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3.2. General properties and NMR studies of magnetts

The general chemical formula of spinel ferritedi€Fe,.,*M, "0, , where x is a
composition parameter, &P represents a divalent cation or a combinationadfoas with an
average valency of two, # represents a trivalent cation or a combinatiosaifons with an
average valency of three. Among these oxides, niagre0, is an important compound, from
which the spinel ferrites can be derived by pagiabstitution of the iron ions by other cations.
Despite it is the earliest discovered magnet (~1B@D.) and one of the best known magnetic
compounds, this mixed-valence system hitherto i$¢ ocompletely understood and the
investigation of the physical properties of mageeis still an intriguing field of research,
especially, the properties in relation to the ettt ordering of the Fé& and F&" ions on

octahedral sites below and above the Verwey tiansiand the phase transition itself.

Magnetite exhibits a variety of properties, depegan its temperature. There are three
main regions of temperatures where magnetite beshditferently: first region- between OK and
the Verwey transition temperature, Tof about 120-125K, depending on purity and indérn
stresses), second region - from Udp to Tc (the Curie temperature, which is of about 840KJ an
the third one - abovecdT In the last region magnetite behaves as a parahaft Tc magnetite
turns from paramagnetic to ferrimagnetic phaseemperature region OK —Tit is a collinear
ferrimagnet. At the Verwey temperature, TFeO, undergoes a metal-insulator transition,
accompanied by a structure transition from cubianonoclinic. This the so-called Verwey
transition is characterized by a large decreasemductivity (of about two orders of magnitude)
and a drop of the magnetization as well as by & bepacity anomaly at the transition
temperature. Just above the Verwey temperatymadgnetite undergoes another transition — the
so-called spin-reorientation transition, when tasyedirection of magnetization is changing. In
pure FgO, this transition occurs atsg~ 130 K.

The conductivity of FgD, at room temperature is relatively high (about Zxg@m)™)
compared to the rather low values (3(@m)™) of “normal” spinels such as @@, and MO,
[Walz02]. From this striking difference Verwey dt deduced an inverse spinel structure of

magnetite.
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3.2.1. Crystal structure of magnetite

Magnetite crystallizes into the cubic spinel staue (space symmetry group Fd3mi0
above the Verwey transition temperature (~120-125K)agnetite is an inverse spinel and its
formula unit is written as PFe’'Fe’*]04 to distinguish the first A-type tetrahedrally
coordinated F& ions from the bracketed Feand F&* ions in B-type octahedral sites. The cubic
unit cell corresponds to eight formula units 8,). Oxygen ions are cubic closest packed, so
there are 32 octahedral and 64 tetrahedral holé@seistructure. 1/8 of the tetrahedral holes are
filled with ferric ions F&" (8 ions per unit cell) while 1/2 of octahedral émhre nominally filled

by both ferric and ferrous ions (16 ions per uelt)c

The coordinates of the equivalent positions ofghace grougcd3m- Q are given in

Table 3.2.1.

The first column in Table 3.2.1 gives the numbkthe equivalent positions in the set,
which is denoted by a letter in the second colufre third one gives the point symmetry of the
position of each set and the fourth one represdiftsrent types of sites occupied in the
magnetite unit cell. The next columns present therdinates of all the equivalent positions in
fractions of the lattice parameter. In real spiriaks closed cubic packing of the oxygen ions is
deformed by the cations. The tetrahedral sitesiswally too small to contain the metal ions and
the oxygen ions will be displaced from their idpaskition into a <111> direction away from the
central tetrahedral ion. A quantitative measuréhaf displacement is the oxygen parameter
which determines the exact positianef the oxygen lattice sites as indicated in Teéb1. If
there is no enlargement of the tetrahedrons, tlygexparametau equals 3/8(=0.375) in the
spinel structure. The cubic unit cell of magnetien be divided into 8 octants (cubes). All
octants have the same occupation for the oxyges lout there are two types of octants (with
adjacent faces) having different positions for itietal cations. They can be surrounded by four
oxygen anions (tetrahedral or A-positions) andiky=gygen anions (octahedral or B-positions),
as shown in figures 3.2.1, 3.2.2 and 3.2.3.

In fact the oxygen ions of magnetite unit cellnfothe close-packed face-centered-cubic
(fce) lattices with an edge of H2wherea = 8.398A is a lattice parameter of magnetite

[Brab95] The tetrahedral sites form two interpegiitg fcc lattices shifted with respect to each
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Sites

Num- Site occupied
Site Coordinates
ber symmetry in
magnetite
1,0,0; 1,0,0; b+, 1/4,1/4; |  1/4w,1/4,1/4;
48 f mm 0, u,0; 0, u,0; 1/4,1/444,1/4; 1/4,1/44,1/4;
0,0, ; 0,0,}4; 1/4,1/4,1/4+,; 1/4,1/4,1/4y;
Ho L 14 1, 14 -u, 14 -p;
oxygen 1y WG 1/4 -p, 1/4 +p, Ld+y;
32 e 3m _
sites Wy, W 1/4 +p, 1/4 -p, 14+,
TITITE /4 +p, 1A+, 1/4 -y;
iron
16 d 3n _ 5/8,5/8,5/8;| 5/8,7/8,7/8;| 7/8,5/8,7/8; 718,718,5/8;
B-sites
16 C an 1/8,1/8,1/8;| 1/8,3/8,3/8;| 3/8,1/8,3/8,; 3/8,3/8,1/8;
8 b 4Bm 1/2,1/2,1/2;| 3/4,3/4,3/4;
iron
8 a ABm ) 0,0,0; 1/4,1/4,1/4;
A-sites

Table 3.2.1. The sets of the equivalent symmetiptpoof the space grouf-d3m- QZ and their

occupation in the spinel structure and magnetité oell. The origin is taken at a
tetrahedral site and the value of an oxygen pammes approximately 3/8 [Brab95]. The
coordinates of additional positions can be foundragslations (0,1/2,1/2), (1/2,0,1/2) and
(1/2,1/2,0). The unit cell of magnetite contains'‘dibes” of F&'[Fe*’Fe*']0%, (see
fig.3.2.1): 32 G~ions occupies the positions e, 16 Fe-ions arepnsitions in the centers
of oxygen octahedrons (B-sites), and 8 Fe-ionsraeepositions in the centers of oxygen

tetrahedrons (A-sites).

other over a distance 1/Ba in the direction of one body diagonal of the cuthes octahedral

sites form four fcc lattices that are shifted ogedistance 1/2’5 a in the direction of the face

diagonals of the cube. The oxygen parameter of etégrequal$i=0.379 [Brab95].
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{3 Oxygen

& B-atoms
octahedral sites

A-atoms
O tetrahedral sites

Spinel The red cubes are also contained m the

structure  back half ofthe unit cell 8 f.u. per unit cell

Figure 3.2.1. Unit cell of magnetitez;0,4 above the Verwey transition temperature.

— _-._.1.-._— — — — e — —

Fe(A)® Fe(B)® 0O

Figure 3.2.2. Neighborhood of tetrahedral A andbetral B iron ions in magnetite. The crystal islena
up of alternate stacking of the two cubes whiclmftine basis in a face-centered cubic lattice
[Zhan91].
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It is convenient to present crystal structurah@gnetite above the Verwey transition in

terms of a layer sequence displayed below in the3fR2.3:

Figure 3.2.3. The layer sequence representingtthetgre of magnetite above the Verwey transition.
The thick squares show the cubic unit cell witlattide constana in the xyplane, while the
z coordinates are indicated by the fractioraoThe unit cell at xyplane is shown by dotted
lines for T<T, [Se002].

Below the Verwey transition the space symmetry grolmagnetite was confirmed to be C

(monoclinic crystal structure), in contrast to tubic Q' Fd3m-structured high-temperature
(T > Ty) phase [lizu82]. The distortion from the orthorHmmssymmetry is small [Wrig02]. The
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unit cell of the monoclinic structure contains fehombohedrally distorted cubic cells (Fig.
3.2.4).

& z.[001] ¢

-—

- = y, [0 10]
[110]. a

®,[100]

[110], b

Figure 3.2.4. Relationship between the low-tempeeatmonoclinic axes (a, b and c), the
rhombohedrally distorted cell (solid line), and thigh-temperature cubic unit cell

(dashed line). Each monoclinic unit cell considt$onir rhombohedrally distorted
cells [Muxw00].

The reported lattice parameters of the monoclifiase at 10K ar@=11.868 A, b=
11.851 Ac=16.752 A ang= 90.20°, with 32 formula unit per unit cell [lizRB

C. group has the following symmetry operations: Cranslation (1/2,1/2,0)¢ =
reflection in @c) plane + (0,0,1/2) translation. While all the Aesi and all the B sites are

crystallographically equivalent in the cubic phadere are 8 nonequivalent A-sites and 16
nonequivalent B-sites in the Cc structure.
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3.2.2. Magnetic properties of magnetite.

Magnetite is a ferrimagnet with magnetic momentsiegite antiparallel to moments on
B-sites. The cubic unit cell contains 32 oxygenoasi G and 24 iron cations, one-third of
which (i.e. 8 cations) are in tetrahedral sites] Hre rest (i.e.16 cations) are in octahedral sites
see fig 3.2.5.

8 Fe' (S=5/2)
A A A A AAAA

Tetrahedral (A) Sites

Octahedral (B) Sites

yYyYyvyvyvvyTyywyy

YYYYYYYY
8 Fe™ (S=5/2) 8 Fe’* (S=2)

Figure 3.2.5. A scheme of ferrimagnetic orderinglettron spins in a cubic unit cell of magnetite,
supposing ferric ions in A-sites and ferric anddes ions in B-sites.

From figure 3.2.5 can be seen that th&" Fens on the A and B sites are aligned anti-
parallel so that the magnetic moment of the unit @ely comes from the & ions, with a

magnetic moment of 2S 2= 4 | per formula unit, giving 32g1per unit cell.

Fe* ion has half-filled 3d electron shell (electromfiguration 3d) and zero angular

momentum in the ground state. On the other hardgtbund state of the free?*éon (electron
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configuration 38) is °D and considerable orbital momentum remains eveenwthis term is
split by the crystal field. P& and F&" ions in octahedral sites are ferromagneticallypbed via

a double-exchange mechanism associated with ioteelectron transfer [Cox92], [Elli98]. The
lone electron whose spin is pointed opposite tasfhies of other electrons—is easily exchanged

between equivalently B-sited, closely spacetf Bad F&" ions, according to the relation:
FE€'-e <= Fé&

In contrast, the P& ions in tetrahedral and octahedral sites are entimagnetically

coupled through the intervening oxygen atom.

Above Ty (~120K) the crystal structure of magnetite is cul@lose to this temperature
the easy direction of magnetization is [001], chaggto [111] at the spin-reorientation

transition. In pure F©;, this transition occurs atsk ~ 130 K.

For M || [001] in the cubic phasedT<Tsg) all Fe ions on octahedral (B) sites are magnkyfica

equivalent.

Above Tsg (M || [111]) there are two magnetically non-eqlevd B sites. The sites;Bave the
axis of local trigonal distortion parallel to theagnetization (i.e. parallel to [111] direction),
while for sites B trigonal distortion and magnetization point alatifferent body diagonals (i.e.
local trigonal axis points along one of the remagnthree diagonals [-1,1,1], [1,-1,1] or [1,1,-

1)).
All tetrahedral (A) sites are magnetically equivdlér both M || [001] and M || [111].

Below the Verwey transition the space symmetry pgraf magnetite is € and
magnetization is along the easy [001] direction {Ma&, Ozde99]. The number of magnetically
nonequivalent sites then equals to the numberystaitographically nonequivalent sites, i.e. 16
for B sites and 8 for A sites.
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3.2.2.1. Temperature dependence of saturation magieation.

The temperature dependences of saturation magtietizMs(T) measured parallel to

[001], [110], and [110] on cooling from 300 K to 10 K in axternal field H=2T are shown in
Figs. 3.2.6, 3.2.7 and 3.2.8 [Mats77, Ozde99, MWwdn all three crystallographic

orientations, M increases with decreasinga€cording to aT, - T)™* relation between 300 K
and Ty=119K. Below T,, the Ms(T) curves are significantly different for differen

crystallographic directions (Figs. 3.2.6 and 3.2.8Jhese results show that the
magnetocrystalline anisotropy of monoclinic mageetelow T, is much greater than the
anisotropy of cubic magnetite above. T

Mg (Am*/kg)

99 —

93\"‘\.\

97 -

|
o Ty

EA H=2T, /[001]
Fe; O
o4 3 Uy
Single crystal
93 -
92 ' l I I
0 30 100 150 200 250 300

Temperature, T(K)

Figure 3.2.6. M-T curve along the cubic [001] direction (monocliricaxis) of the crystal
during cooling from 300 K to 10 K in a field H=2Dgde99].

Another the most immediately obvious feature (F&)8.6, 3.2.7, 3.2.8) is the sharp jump ig M

at the Verwey transition by 0.1%, 1.6% and 1.2%ffelds applied along [001], [10] and
[110], respectively [Mats77, Ozde99, MuxwO0Q]. Iresang the applied field from 0.5t0 0.8 T
increases the measured magnetization belpywwhich decreases the size of the sharp anomaly
at Ty (Fig.3.2.6).
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Figure 3.2.7. Magnetization of magnetite sampla asiction of temperature in the presence of two

different applied fields [MuxwOO].
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Figure 3.2.8. Temperature dependence of saturatammetization Mparallel to [110] and [110] & and

b axes, respectively) during cooling from 300 K toKL(h a field H=2T [Ozde99].

These effects have been suggested to be causechiayige in the magnetic structure on passing
the Verwey transition [Mats77, Ozde99]. Another raiggh to explain these effects as well as
other magnetic properties of magnetite is the megekectronic theory of Belov [Belo93]
which incorporates the paraprocess [Belo94, Beld®6]interaction of a weak magnetic e-
sublattice (i.e. the magnetically ordered subsystdnhopping electrons) with an external

saturating magnetic field (see paragraph 3.2.3).

3.2.2.2. Magnetocrystalline properties of magnetite

The total anisotropy energyafe of magnetite is the sum of the magnetocrystalline
anisotropy energy ¥z , the magnetostrictive anisotropy energyidand the magnetoelastic
anisotropy Bastic:

Eanis= Buc + Bstric + Eelastic (3.2.2.1)

As in the case of yttrium iron garnet in sectioh.3.we will dwell upon the magnetocrystalline
anisotropy energy of magnetite. The cubic magngstaliine anisotropy is given by (Kittel
1949):

Eve’ = K(ajas+alai+aa))+Kagapi+.., (3.2.2.2)

where K; and K, are the first two cubic anisotropy constants, respetyivand a; are the
directional cosines of the magnetization vectohweéspect to the cubic axes. The behaviour of
the magnetocrystalline anisotropy energy at lowperatures is still under debate (Fig. 3.2.9)

[Muxw00]. The two most complete sets of low-tempera magnetocrystalline anisotropy data
[Bick57] and [Syon65] (Fig. 3.2.9) are foK, and K,, that is,K; plus a magnetostrictive

contribution. In theory, it is possible to obtalky by either direct measurement using

ferromagnetic resonance (FMR) as suggested by Y& §Ye94], or by simply removing the
experimentally measured magnetostrictive term frgm[Kako91], [Sahu95]. With regard to

FMR, however, the data sets are rather sparse 4BjcBick50]. The second method of
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calculating K. is fraught with errors, because for magnetite\thlees of the magnetostrictive

constants are often smaller than the error in thasurement df;.

w05 — —

=l

=)

z 0.0

A

g 05 - -{ «—e K, (Bickford Ir. et al.. 1957)
S | a—a K'; (Bickford Jr. et al.. 1957)
w o—o K'| (Syono, 1965)

% -1.0 | a—a K, (Syono. 1963)
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Figure 3.2.9. Magnetocrystalline anisotropy consté(j and K'2 as functions of temperature showing

the large difference in the values of [Bick57] 48¢on65].

For the monoclinic low-temperature structure, tregmetocrystalline energgne*"™ is

expressed by [Abe76]:
Eporociie =k +a’kal+ k at+ kit kgai- kgl (3.2.2.3)

where a,,a, and a,,, are the directional cosines of the magnetizatioth wespect to the

monoclinica-, b-and cubic [111] axes respectively (see Fig.3.8rdcbordinate system). The
temperature-dependent behaviour of magnetocrysatibnstants for both cubic and monoclinic
phase is shown in Fig. 3.2.10. Again the magnestalijne anisotropy "constants in Fig.3.2.10

are notk; but k , i.e.k plus a magnetostrictive contribution [Muxw00]. Threagnetocrystalline
anisotropy constants are considerably larger thHa: d¢ubic magnetocrystalline constants
(Fig.3.2.10). The monoclinic constark, is approximately 10 times greater thag,.
Consequently, the relative importance of the manacimagnetocrystalline anisotropy to the

domain structure is far greater than the cubic dggE™™">> ES%°, The abrupt jump in the
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magnetocrystalline anisotropy on cooling throughy Tis expected, because the
magnetocrystalline anisotropy is controlled by thebility of the hopping electrons [Flet74],

[Belo93]. As the mobility decreases, the magnetstaiiine anisotropy increases [Belo93].

T T T T T T T
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".,_ = toe e . ... . L ] K, (Abe er al | 1976)

—:. ’ CK, (Abe eral, 1976)
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e Ok, (Kakol & Homg, 1989}
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Figure 3.2.10. Temperature dependence of the atmlanonoclinic magnetocrystalline constaﬂ(é.is

the first cubic magnetocrystalline anisotropy canst(eq. 3.2.2.2) andi;' are the low-

temperature monoclinic constants (eq.3.2.2.3).

There is also a significant reduction in the synmnet the magnetocrystalline anisotropy field.
In next figures the magnetocrystalline energy Befdr T=290, 126 and 110K are depicted
[MuxwOQ0]. In the cubic phase, for T>130K the easysais the [111] (Fig.3.2.11), and for
Ty<T<130K, K, is positive (Fig.3.2.8), and switches the easgaixom [111] to [001]

(Fig.3.2.12). The monoclinic magnetocrystallinesatriopy has a lower order of symmetry than

the cubic phase, the easy-axis is the c-axis. Hewyéhre b-axis is also relatively easy compared
to the a-axis (Fig.3.2.13).
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Z1001]

S — Figure 3.2.11. The cubic
magnetocrystalline anisotropy of magnetite
at 290 K [Muxw00]. The hard axes are in
the [100], [010] and [001] directions.

X (100

2]

Figure 3.2.12. The cubic magnetocrys-tallit
anisotropy of magnetite at 126 K [Muxw00
The hard axis is in the [111] direction.

3 1)

¥ )

£, c-axis

Figure 3.2.13. The monoclinic
magnetocrystalline anisotropy of
magnetite at 110 K [MuxwO0O0]. The

hard axis is the a-axis.

X b-axis
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3.2.3. Review of previous experimental results

and theoretical approaches.

The history of interest in magnetite, covering enadhan 60 years of intensive
experimental and theoretical investigations ofelsctro-magnetic properties and the Verwey
transition, discloses an uncommon example of atyanf sometimes puzzling results, because
of their incompatibility. During the last two dee®dsome progress in understanding of the
magnetite system has been achieved, but desptensiderable efforts many basic questions
are still not answered.

In order to touch a modern view of the magnetitgbfem it seems desirable to dwell on

some previous experimental results and theoredjgatoaches on this issue.

The first report that magnetite exhibits a low-parature transition was made by Millar
(1929) [Mill29], who discovered an anomaly in theah capacity near 120K. However, it was
Verwey and co-workers (Haayman, Heilmann et al.p warried out much of the initial research
into the anomalies in both the structure and at=dtproperties (fig.3.2.14) at the transition.
They explained it as a structural transformationsea by a charge ordering of iron cations of
different valency (F&€ and F&" in lattice octahedrons) in alternating (001) layBferw39]. The
ordering process involves electron hopping betwhercations. At T>y this ordering is broken
down by the thermal excitations.

Many refinements of this model were subsequentiroduced and later some
experimental facts were obtained, pointing out ttha$ picture is inadequate. There is no
consensus so far about the ordering of Bamd F&" in the octahedral sites below the Verwey

transition.

Subsequent experimental facts such as 1) the smmkile of the magnetic anisotropy
energy accompanying the magneto-electric effed[fd], 2) the small change of the saturation
magnetization ( 0.1% ) at the transition tempermflida76] (see Fig.3.2.6), and 3) the absence
of anomalies of the magnetic anisotropy constantpassing the critical non-stoichiometry
parameteb. for Fe;04, above which the transition disappears [Kako8B$weed to conclude,
that the driving mechanism of the ordering at lemperatures could be not primarily induced
by magnetic interactions, but could probably batesl to the Coulomb interactions.
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Figure 3.2.14Typical temperature dependence of the electricadlactivity in FgO, [Walz02].

If the ordering mechanism would be related to thearest-neighbour Coulomb
interaction, the transition temperature abovéKi@ould be expected, as was pointed out by
Anderson [Ande56],whereas the real transition isbatut 120K.

To clear this apparent contradiction Anderson agsuthat the actual transition is not so drastic
and occurs only between two alternate orderedsstiieg-range ordered state (LRO) below the
Verwey transition and short-range ordered state))S&bove the transition, that is he interpreted
the Verwey transition as a loss of LRO upon heatimpugh the transition. The assumed
residual SRO state abovg Was besides in agreement with another experimessgalts: 1) the
thermal activation of conduction, persisting withime temperature range abovg T Q =
0.05eV) —despite a relatively high conductivity [868], [Broe68], and 2) the concordance
between the observed transition-induced molar pwgtreariation of about 0.3R with the
predicted value of 0.2R for a LRO-SRO transitios,opposed t&\ S = 0.69R, expected for a
complete order-disorder transition at JAnde56], [1hle86].

Anderson proposed to take into account the pdaticgeometry of the spinel lattice.
Proposed SRO is characterized as a state of minitatioe energy, realized by a maximum

number of adjacent, B-sited ¥e Fé&* pairs. The octahedral sites in the spinel strecane
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arranged in tetrahedrons Bith each site belonging to two tetrahedronshia arrangement of
octahedral sites it is possible to keep strong tstamge order, imposed by the so-called
Anderson conditionthe charge of the individual tetrahedron, fornsdnearest-neighbour B
sites, must be constant. It means for stoichiometagnetite two Fé ions and two F& ions in
octahedral positions (i.e. an effective charge @f)1per particular tetrahedron. In a magnetite
crystal it is possible to keep this short rangeso@hd the number of ionic distributions which
fulfills Anderson’s condition is very large (is rmnized by ~(3/2)? different configurations ,
where N; is the number of B sites). The energy differenicesveen the various states with
short-range order will be very small, moreovehi interaction leading to the Verwey transition
is restricted to nearest neighbour pairs, the éeerngf all configurations fulfilling Anderson's
condition will be identical and no transition wdktcur. It means, that if the LRO exists below
the Verwey transition, it would not be achieved riBarest neighbour interactions alone but,
possibly, in the presence of additional interactjolike next nearest neighbors Coulomb

interactions.

Since then many other models have been proposstttaunt for new experimental data,
like for the structural change, magnetic relaxapoocesses [Walz02], the magnetocaloric effect
[Belo93], magnetoresistance [Belo94], spontanecagn®tization [Belo93], magnetocrystalline
anisotropy [Bick49], [Abe76] and many others (beliomthis paragraph). It has also been found
that variations in stoichiometry [Arag85], [Arag83Honi95] and pressure [Roze96] strongly
affects the Verwey transition. Although many thesriexist none of them has been able to
explain all the experimental data. The various n®dan be roughly split into several camps
[MuxwO0], including structural-electronic modelsk@ Verwey&Naayman's , Anderson’s) and

magneto-electronic models (Belov's model).

To the structural-electronic modeldelong such conceptual extensions of the Verwegeano
like:

-Polaron-based modeldHaubenreisser [Haub61] used a model of non-interg polarons to
treat quantitatively the problem of high-temperatwonductivity in magnetite (the correct
location of high-temperature conductivity maximurasamissed by a factor of 2 (600K instead
of 300K) (fig.3.2.14). Simsa calculated the roomperature conductivity in terms of non-
interacting small polarons (SP) model, obtainechlmer smaller by a factor of 5, of only G5
lem? (fig. 3.2.14) [Sims79]. Chakraverty [Chak74] susigel to attribute the low-temperature

Verwey ordering to a cooperative Jahn-Teller tiamsj associating the low-temperature
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conductivity with localization and high-temperatwenductivity with hopping of polarons. As a
mode of polaron transport, accounting for polarofapn interaction, the formation of
bipolarons has been suggested. The here assumedldigdr distortion, however, remained

without experimental verification [Walz02].

-Band-based model€ullen and Callen [Cull70] proposed band condutstito be the dominant
charge transport mechanism in magnetite by assuth@gwo B-sited Fe-ions (per formula
unit) to distribute their 11 d-electrons, as a tiorc of the spin-state, on two distinctly separated
bands. In this picture, according to Camphauseml [Camp72], the lower-energy band is
completely filled by ten electrons of, e.g. spinathoorientation, whereas the eleventh, spin-up
electron solely occupies the higher-energy bangs thitiating metallic conductivity abovev.
Due to restriction on Coulomb-interactions only—#i®y disregarding any type of electron—
phonon coupling- self-consistent Hartree calcuteti@re not able to account for any of the
experimentally suggested ionic ordering schemegtieg from the Verwey order.

Another band model has been conceived by IhleLaneinz [Lore75] on the basis of the
original Cullen—Callen conception by accounting iiddally for both the Anderson condition
and the electron—phonon interactions. lhle and moreiere able to exactly reproduce the
temperature dependence of the electrical condtctbxier the range 65 K T < 500 K. As a
necessary condition for the setting-in of low-tenapere carrier localization and ordering—due
to gap formation by band splitting - they deduchkd telation upon which the conduction
process is restricted to small-polaron (SP) intareb hopping. Just abové,—after gap-
shrinkage by about a factor of two, due to fornmatd sub-bands—the charge transport, up to
about 300 K, is mainly supported by band conducftidgre observed increase of the conductivity
within this temperature range is explained by aesponding increase of the density of states in
addition to a thermally activated destruction oé tBR order [Lore75], [Ihle86]. For higher
temperaturesT >350 K, the SP conductivity is decreasing owing tem@perature dependent
exponential reduction of the polaronic overlappingggral, so that in this temperature range
hopping becomes the leading transport mechanigitmein model. In addition they were able to
quantitatively describe the shift ofyTas a function of pressure and the problem of high-
temperature optical conductivity in terms of thepinless small-polaron model [Ihle86].

Another band structure calculations have beenopedd by Yanase [Yana84] using

Augmented Plane Wave approximations, by Zhang [Zhhrusing Local Spin Density
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Approximation (LSDA) in combination with Density f&ctional Technique (DFT), by
Anisimov [Anis97] (LDA+U method), and others.

From the last articles on that issue one should tie articles of Jeng et al. [Jeng04] and

Madsen et al. [Mads05]. The first one reports tleeteonic structure calculations within LDA
with generalized gradient correction (GGA) plussite- Coulomb interaction U (LDA+U) using
the refined structure data of Wright et al [WrigOZhese calculations point out that magnetite
forms an insulating charge-orbital-ordered stalewehe Verwey transition temperature. As an
explanation of why this charge-(orbital) orderingttern does not satisfy Anderson's criterion
was pointed out that in Anderson’s calculations, ¢harges in ferrites are treated as the point
charges and thus the electrostatic energy depengsom the number of divalent-trivalent
cation-pairs. Minimization of the number of thosarp per tetrahedron would give rise to the
lowest energy. The second mentioned article of Mads al. presents the electronic structure
calculations on the refined structure data of Wrighal. by using LDA+U calculations with
fixing the U within the linearized augmented plamave (LAPW) method. They obtained a
periodic charge disproportion along the c-axis e tmonoclinic structure of E®s;. The
proposed charge order is in good agreement witeraxent.
-lonic low-temperature ordering modeléke Yamada's model [Yama75], lida's [lida76],
Mizoguchi's [Mizo78], Ihle and Lorenz [Ihle86], Vighit et al. [Wrig02] and others). All these
ordering models reflect the indefiniteness of thdarlying experimental data which sometimes
have been obtained on imperfect magnetite cryptéddz02].

The magneto-electronic modelas developed by Belov [Belo93] in response to two
discrepancies between the structural-electronic atsoénd experimental data, namely, the
extremely low mobility of the conduction electroalsove T,, which is not explained by other
models, and an unexplained anomaly in magnetizatlgn(Fig.3.2.6) at the transition. The
number of available hopping electrons in magnetiteve T, is 1.35x16°cm™ [Belo93], which
is comparable with that in metals, and is muchtgrehat the value in ordinary semiconductors.
However, the actual conductivity of magnetite igak that in semiconductors [Belo93], and so
the conduction electrons should have very low niybilNeither hopping mechanism of
electrical conduction in magnetite (like in Verwsynodel) or band theory of the conduction
(like in Cullen&Callen’s model [Cull71] and othersyplains the extremely low mobility of the
conduction electrons in magnetite above the Verraysition. Instead, Belov points out that in
semiconductors there is another mechanism thaesdosalization of conduction electrons —

the Vonsovskii exchange interaction [Vons46], [N&ba This is the exchange interaction
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between valence and inner electrons in ferromagmediterials. The spin of valence electrons is
acted upon by the magnetic field exerted by therna@l electrons [Vons46]. According to the
theory, on cooling through the Verwey transitiome thopping (valence) electrons are
magnetically ordered under the influence of the 36wmskii exchange interaction with magnetic
cations, to form an e-sublattice. Because the \Amigbexchange interaction between the
hopping electrons and iron cations is negative if@anbmagnetic), this leads not only to
localization of the conduction electrons but aleoat partial screening of the total magnetic
moment (Abrikosov 1968) [Abri68]; that is, the edfattice electrons align antiparallel to the net
magnetic moment of the A- and B-sublattices, andcheantiparallel to the B-sublattice
(Fig.3.2.5). Consequently, there is a small deeraasMs for T<Ty. At T>Ty, the thermal
motion destroys the magnetization of the e-sulskattivhich results in small experimentally
detected anomaly in §fig.3.2.6). The interaction of a strong sublat{&- and B-sublattices)
with a weak sublattice (e-sublattice) retards trewéy transition so, that it is spread over a
certain temperature interval. Above,Tthe Vonsovskii exchange interaction is insufinti¢o
cause LRO of the hopping electrons; however, liaige enough to affect the orientation of the
hopping electrons. Because the Vonsovskii exchangeraction in magnetite is
antiferromagnetic, the hopping electrons periodicedverse (flip) their spins during hopping
from A- to B- cations, which requires an additioaativation energy and results in a reduction
of the electron mobility [Belo96].

The discussion on the electronic structure of retigm is intensively continuing and
other ideas concerning the electronic structuremafjnetite and the nature of the Verwey
transition are suggesting, examining and discusgtog instance, if it is correct at all to talk
about the charge ordering in the magnetite syst8abiD4], what character could it have
[Wrig02], if it is more correct to talk about itirent model or about localized model of
fluctuating mixed valence (for example [HuanO4], avhs the role of an orbital moment

[Huan04], what is the role of electron-phonon (#l&t-lattice) interaction [Gupt02], and so on.

Turning to the experimental investigations of mageeone should start from the
investigation ofcrystallographic structuref magnetite below the Verwey transition, whicts ha
remained a subject of continued efforts by meansaoious techniques. Below the Verwey
transition the space symmetry group of magnetigonted by lizumi et al. from neutron
diffraction measurements, was confirmed to ke(iBonoclinic crystal structure). The lattice
parameters of the monoclinic phase at 10K are &681A, b= 11.851 A, ¢=16.752 A arfa
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90.20°, with 32 formula unit per unit cell [lizu82%imilar results were reported from X-ray
measurements for temperatures between 80K anfrdsh77, 79]. And the same conclusion
was drawn from high-resolution electron microscogyperiments [Otsu86] and previous
magneto-electric [Rado75,77], [Sira79] and electldfraction [Zuo90] studies. Recent NMR
measurements of magnetite below Tv [Nova0O, NovA@Fare in good agreement with
proposed space symmetry group, Gince they observed predicted for the symmetBe@\)
lines and 16 Fe(B) lines in the spectra.

Concerning théow-temperature (T<yJ) charge orderinga number of experimental data
indicate that the low-temperature state could beoraered localized charge phase [Mott74],
[Rose96]. However, recent resonant x-ray scattel@ayc01] and high pressure conductivity
[Todo01] results did not find charge ordering ie tbw-temperature phase. In the latter case of
NMR results in [Nova0O0] the authors on the basithefr high-resolution NMR studies on high-
quality single crystals pointed out that belowthe charge carriers remain localized, or at least
they move with the characteristic time much longempared to the characteristic time of the
NMR measurements (F0s), since in agreement withc@rystal symmetry they were able to
resolve, over the temperature rang2 K < T < T,, eight A-type and 16 B-type lines. But
because of the doubling of the lowest frequencyAfé&te, which is not broadened when the
temperature is increased, they concluded thatlémaron ions of two types, giving rise to that
line, have nearly the same oxygen environment &ualtheir effective exchange fields are equal
(difference larger than 2% would lead to a detdetaplitting of the line). The latter means that
also a cation environment of the two sites in goasshould be similar, requiring the same
number of nearest E¢B) and F&'(B) neighbours and very close geometry of Fe(BJF&*(A)
triads. This provided a stringent condition for ireangement of iron valencies on B sublattice,
which being supplemented by a relaxation and bendth analysis, led them to the conclusion,
that below T, the states of iron ions on the B sublattice aneethistrongly and the notion of 2+
and 3+ valencies may lose their meaning. NMR measents of magnetite are discussed in

more details in corresponding section below.

The next important question is whether a shorteaogder existsaabove the Verwey
transition (T>Ty). Photoemission spectroscopy experiments on (10@ciof FeO, [Park97,
Chai95] provided evidence of short-range order evlmécent NMR measurements [NovaO0]

gives the contradictive results. The analysis ef MMR spectra above the Verwey transition
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give rise to the conclusion that if the short-rangger exists for T>¥ it must fluctuate rapidly

comparing to the characteristic time of NMR measwaets (1Fs).

Another interesting issue regarding magnetite \w-temperature conductivity at T <vT As
reported by Drabble et §iDrab71], the conductivity is found to be thermadlgtivated in the
temperature range from below Tv to about 50 K, ehyr following a T* temperature
dependence as derived by Mott [Mott74] for the cakgariable range hopping (VRH). This
temperature interval (50KT < 125 K) coincides with the occurrence of an extengleteau-
like magnetic after-effect (MAE) spectrum whichalsas been associated with small-polaron
hopping [Walz79]. Twoadditional intervals of MAE spectra with differembnductivity
activation were observed within 4<KT < 25 K and 25 K T < 40 K [Leng84]. These low-
temperature processes have been identified as dhgractivated, incoherent electron tunneling

and intra-ionic electronic excitation respectively.

Influence of pressuren the Verwey transition (J and on low-temperature conductivity of
Fe;04 was reported by Rozenberg e{Rbse96] for temperatures, > T > 30 K and pressures
below 16 GPa. The VRH-specific’{ law fails for temperatures belo80 K. Different results
have been obtained by Todo etf[&do01]. They have found nonlinear decrease piup to
pressures of R 8 GPa. above which the transition is completejypsessed. In the rangeb&

P < 8 GPa below Tv the temperature dependence of ctindy is ‘metallic’ type i.e.o(T )
decreases with temperaturestead of increase as expected for electron hgpaimd actually
observed in stress-releaseg®g(see figure 6). In the transition-suppressed raRge8 GPa,
this type of conduction dominates the whole temjpeearange (3 K T < 300 K).

High-temperature conductivit{T > Tv) has been recently studied by means of various
techniques yielding results which have been diffdyeinterpreted by their authors in terms of
either polaron hopping or band conduction. TodaldiTodo95], from conductivity and Hall
effect measurements on synthetic single crystalC(SB®23K), deduced charge transport of
possibly large-type polarons within the rangeIW¥ < 250 K, with rather small stoichiometry
dependence (E8,+x) within the range @002 < x < 0.035. Similarly, Nakamura et §iNaka97]
interpreted their Mossbauer spectra, obtained atpéeatures ¥300 K on crystals of

comparable quality, in terms of large polaron caridum. Boekema et §Boek86] concluded
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from their muon-spin-relaxation data, for>TTv, that the carriers formedvaigner-glass phase
supporting conduction in the form phonon-assisted electron hopping within a narrovapm
bandas suggested by Mott [Mott74]. In terms of simgaiguments, Siratori et §ira98] and
Degiorgi et al[Degi87] described their data obtained from, refipely, neutron diffuse
scattering [SSC, 122.5 K] and optical- combinedhwdirect-current (dc)-conductivity [NSC,

~120 K] studies. The optical results were deducedfiow-energetic spectra (0.001€\E <

0.6 eV) and analyzed in terms of the lhle—Lorenz nmhodembining the small-polaron (SP)
concept with Anderson’s short-range order. On Haisis, dc-conductivity within 100K T <
450K can be well described by a superposition ob&Rd and hopping conductivity [Ihle86,
Ihle83].

The old problem concerning the Verwey transitiennly of metal-insulator or rather
semiconductor—insulator type (the more correct trmta could be 'semiconductor—
semiconductor transition between two states ofetbfit conductivity stood in the focus of
recent photo-emission studies. Chainani et[@hai95] deduced a metal-semiconductor
transition from their observation [SSC, 122 K] ofgap of 0.07 eV, separating the low- and
high-temperature phase, which closes upon healtiageaTv. Park et §Park97] countered with
further experiments [SSC, 121 K], pointing to a semductor—insulator transition at,TThey
found a gap (of about 0.14 eV) between the two e@haghich, however, instead of becoming
closed above JTwas only narrowed by about 0.05 eV. Consequertby tassociated this
narrowing with the loss of long-range order aboyegiving rise to the observed conductivity
jump. Gasparov et #asp00] found their infrared and Raman data [SIR0,K] best explained
in terms of polaronic pictures. Below, They deduced strong polaron localization, as esgae
by an approximatelyhundred-fold increased effective mass indicating tble of lattice
dynamic The increased conductivity above They explained by partial delocalization of

carriers in agreement with Park et al's conceptions
Substituted magnetite

The Verwey transition temperatuns very sensitive to thenpurity content and non-

stoichiometry In perfect stoichiometric E®, samples this transition occurs at temperatures
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close to 125K while in non-stoichiometric and sutb&d compounds it occurs at lower

temperatures, decreasing to about 80K for impueigls of a few percent [Brab95].

Since the Verwey ordering mechanism is believedriginate from the Coulomb interactions,
the effects of substitutions that alter thé'Hee®* ratio on the octahedral sites is of a great
interest. Many authors [Brab98], [KozI96], [Miya72ZPrag85], [Arag88] investigated the shift
of the transition temperature, &s a function of the concentration for a numbeinmgdurities ,
like Ni?*, C&*, Mg**, G&"*, zr?*, AI**, Ti*, and oxygen nonstoichiometry (see fig.3.2.15). The
Verwey phase transition changes its order front fiocssecond with an increased degree of
oxygen-metal non-stoichiomet®y in Fe;O4, Or Al content x in Fg,AlO,. Similar changes
occur upon substitution of iron by other substitse[Brab98]. Aragon et al. reported two
regimes on the non-stoichiometry dependence ofrtresition temperature on either side of a
critical composition.=0.0117 for Fg;O,4, with a first-order transition fod<é. and a second-
order transition ford>d.. Similar results were reported for stoichiometnagnetite single
crystals doped with i and Tf", Fey.Zn,0,and Fg,,TiyO,,

The transition inA** doped magnetiteswitches from first to second order for critical A
concentration lying between 0981x < 0.02 [Brab98] (x>0.012 according to [Kozl96]),

comparable with the value of about 0.012 for th&"2m Ti** substitutions.

Brabers et al. [Brab98] reported the effect ofrgdanumber of impurities on the shifting of.T
A study of stoichiometric magnetite single crystdgped with Ni*, Co** or Mg?* showed a
shift which is about of a half of the effect of @ii Al substitution and is about three times as

large as for Ga-substitution (fig.3.2.15 is takeamf their article).

AT, (K)
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Figure 3.2.15. The shift of the Verwey transitiemperature for substituted stoichiometric magretite
Fe; .M, 0,4, with M=Ga, Ni, Co, Mg, Al, and Ti [Brab98].

The small influence of the Gaimpurities they explained by the position of thesnof Ga ions
in tetrahedral sites, which obviously does not actthe octahedral ordering, since Ga is
trivalent. In the article of Rosenberg [Rose85haus point to the possibility of a distribution of

Gaions on B and A sites in a ratio 1:2.

Ti-ions enter octahedral sites (curved bracketstgnd for octahedral positions further below)

with a simultaneous appearance of additional Rens:
Fes,TiyOs= (FE)Fe® 1 oFe 1, Ti"}O,

That could be a possible explanation of the twazgdr effect for Ti compared to the two-valent
Ni, Co and Mg.

Doping magnetite with Ni, Co, or Mg yields a traies temperature shift that is in
between that of Ga and Al (as can be seen frorfigh8.2.15). For all the measured Ni, Co and
Mg concentrations, sharp transitions were obseifigd3.2.15), thus suggesting that for all
these samples the transition is still of the fostler. Ni, Co, and Mg are all bivalent ionic
substituents in magnetite. All three metals givailair shifts for T, slightly increasing from Ni
to Mg. This small increase was explained by takirig consideration that 5-20% of the Mg or
Co ions are located on gites, whereas Ni will remain at thediies. Since these cations are
divalent, the ratio of B-sited di- and trivalentioas is for Ni exactly 2, which is a condition for
perfect Verwey ordering, whereas for Co and Mg thiso deviates weakly from 2. Another
interesting moment is thd&tmagnetic interactions were primarily involvedtime mechanism of
the Verwey ordering, one would expect a substardiierence between the doping with

magnetic (NT*, C*) and nonmagnetic (M) ions, which was not observed.

Honig [Honi95] reported the concentration dependewt the Tv shift in Zn-substituted
magnetite to be about two times larger, as wasrebddor the Ni* magnetites and comparable
to the Tf* effect. Zrf* is known to occupy Aites, thereby changing the?#&€** ratio on the B

sites (since Zn is bivalent):

Fe;..Zn,04 = (F€*,Zn*"){Fe* . Fef*1.}O .,
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The order-disturbing effect of Zhsubstitutions, as was explained in [Brab98], rssiibm the
fact that an equal amount of octahedrdi'Fes to be replaced by ¥&hat is why zn, though
not entering the Bublattice, has a larger effect upontfian the two-valent substitutions on the
octahedral latticewhich -in contrast to P& sites- are immobile and thereby may even
contribute to a stabilization of the ordered phase.

Let's now consider the Al substituted magnetitelétails, since this composition has a
direct relation to investigations of the presemsib.

There are different reports concerning the catistridution in Fg.,Al,O,. Based on Mossbauer
measurements, Dehe et al. [Dehe75] have repottatboth Af* and Fé* ions enter tetrahedral

as well as octahedral positions, leading to thiewohg distribution over the crystal positions:

Fes,AlxOs = (FE™ 1050 € 0.385A1 7 0.115){F€> 1.0 55 € 10,3858 0885404

One can see that &lions mainly contribute on octahedral sites atrthegh ratio 8:1 to their

tetrahedral occupancy.

On the other hand, Rosenberg et al. [Rose85], {Gital Jemmali [Gill83] and Mason and
Bowen [Maso81] reported that, for low concentrasioraluminum cations occupy only
octahedral sites:

Fe,AlLOs = (FENFe* L FE AP0,

The first of the mentioned reports -Mossbauer study of ggAlO, of Rosenberg et al.
claimed, that Al substituent even tgx=1.4 shows a strong preference for B sites, gikiggto

a normalization of the spinel structure with? Féocated mainly on tetrahedral sites. Therefore,
the problem of cation distribution for small Al amntrations is still not resolved
unambiguously and requires a further study. Needéts authors agree trtiminumin small

concentrationpreferentiallyoccupiesctahedralsites in magnetite.

In fig. 3.2.16 the electrical resistivity of Al-ded magnetite samples is plotted as
function of the temperature, as was reported byp@&ma et al [Brab98]. They found a strong
dependence of the transition temperature upon dheentration x. For x=0.005 and x=0.01 a
sharp first-order transition was observed, whefeax=0.02 and 0.03 a gradual change was
observed pointing out to a second-order transifite maximum in the derivative of the gaT
plot of these compositions was taken as the tiansiemperature. From these data one can see

that the critical Al concentration for the transitifrom first to second order lies between 0.01
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and 0.02, comparable with the value of 0.012 ferZim or Ti substitutions, as was mentioned

above.

Inp(Cem)
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Figure 3.2.16. The resistivity of stoichiometrigE&l O, single crystals wittkx=0.005, 0.01, 0.02, and

0.03 as function of temperature [Brab98].

The strong effect of Al substitution they explairiaderms of the ionic radii of A =0.535 A
(see Table 3.2.2). The geometry of a Wit containing one small Al ion will be more
deformed, resulting in a variation of the Coulonmemgy and, consequently, a larger effect on
the Verwey ordering.

The ionic radii of the bivalent ions Nj C&*, Mg?* are larger than one of &l being in
the range between the radii ofFand F&" ions. Thus, they are disturbing to a smaller exten

the ionic packing that governs the Verwey transitio

lon Electronic Coordination Effective lonic
configuration number Radius (A)
Al 2p° \Y, 0.39
Vi 0.535
co” 3d’ \Y 0.58
VI 0.65
0.745*
Fe 3d \Y 0.63
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Vi 0.61

0.78*
Fe** 3 \Y; 0.49
VI 0.55
0.645*
Mg 2p° \Y, 0.57
VI 0.72
Ni%* 3 \Y; 0.55
VI 0.69
Ti* 3p° \Y, 0.42
VI 0.605

Table 3.2.2. Effective ionic radii of some ionsedsis magnetite substituents [Shan76]. * is used fo

effective ionic radii obtained as most reliablenfré vs V plots [Shan76].

In view of the foregoing facts concerning the Abstituted magnetite it is still an open
question how the substitution affects the electratiucture of magnetite below and above the

Verwey transition. This is one of the central gie® studied in the frame of the present thesis.

3.2.4. NMR investigations of magnetite

NMR measurements of magnetite and, in particutas,temperature dependence of the
>’Fe NMR lines in magnetite have been reported sgmarlier 70s. However only in recent
NMR research [StepHT99, Nova00, NovalCF0O0] the argttsucceeded in identification of all
NMR lines detected at the liquid He temperature alshigher temperatures. The spectra were
compatible with the space group. Besides the temperature dependencé&ef NMR spectra
in high-purity (T>121.5K) magnetite below, around and above the Verivansition in
temperature range 4.2K< T< 430K, they also foureltdmperature dependences of the spin-
spin (T;) and spin-lattice (7) relaxation times below the transition to be gasiely the same
for all lines, with B(T) exhibiting a sharp minimum at about 40K. One woeigbect the F&
ions to relax with a considerable shorterdlie to their stronger coupling to the lattice tiair
non-zero spin—orbital interaction. The authamgerpreted their results in terms of strongly
intermixed, localized Fé (B) and F&" (B) configurations, allowing fast electron excharan a
timescale oft < 10® s even at lowest temperatures, which would expte&ncloseness of;Tor

all ions and also confirm the assumed conceptiothefabsence of a stable low-temperature
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ionic ordering. P-relaxation on B-sites was found to be by an oafemagnitude faster than
one on the A-sites with the exception of two linespf which were comparable tg ©f the A-
lines. For temperatures above the temperature dependence of the linewidths wakesl. The
widths of the NMR lines close to the temperatur¢hef spin-reorientation transition were found
to be dominating because of the corresponding digson the spin system.

Since half of B sites of magnetite are occupiedr&y ions and the other half by ¥dons, eight
of the B lines could correspond to*Fand eight to F& ions. Mizoguchi [Mizo78] divided the
B-subspectrum into 2 groups of B-lines, correspogdb F&* and F& ions, resonating in B
sites. But as it was pointed out recently [StepHT 9pin-lattice relaxation times;,Imeasured
for all lines of the spectrum at 4.2K , did not shan expected for Eéand F&" difference (the
maximum ratio is ~2), raising a doubt about themlpiguous consideration of integer valences

of iron ions in magnetite and their reflection iMR spectra.

Recent NMR investigations of pure magnetite ireaternal magnetic field at 4.2K were
performed by M.Mizoguchi [Mizo00], [Mizo01] and coerned the studying of an anisotropy of
the hyperfine field of all observed A and B sitetsesimined from the angular dependence of the
resonance frequencies on an external magnetic foalda basis of these experimental results the
author proposed a charge and orbital ordering tstreicin the low temperature phase of
magnetite and a model of charge density waves ath@vmetal-insulator transition temperature
[Mizo01].

There are almost no publications regarding NMRsusaments on substituted magnetite
samples with the exception of [Miya71], where reépdrspectra of Ga substituted magnetite
have no good-quality resolution.

Detailed information on results 6fFe NMR measurements in zero external magnetic

field in pure magnetite is presented in the follogvchapter 3.2.4.1.

3.2.4.1°"Fe NMR in pure magnetite

As it was mentioned above the Fe ions in magnatigepresent in different crystallographic
positions (sites): tetrahedral or A- positions actihedral or B-positions. The local fields (and
the corresponding resonance frequencies) on natldifferently positioned iron ions can be
different, so each site in fact has its own subspet which can be divided into several lines,
distant up to several MHz. The structure of subgpet (the number of lines, their relative

intensities and splitting) is given by a symmetfytlee corresponding crystallographic position
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and crystal structure, magnetic structure and &gy of local field on nuclei (i.e. its

dependence on direction of a magnetic moment abrgn

According to a character of a change of NMR speatnamagnetite in temperature range 42K
T < 430K (how it was measured and reported in [StegH)T@ne can mark out three different

regions:
1) 42K<T<Ty

As was already mentioned, the monoclinic cell ofJzecontains 32 formula units with 32 A-
positioned and 64 B-positioned iron ions. Howevlte number of crystallographically
inequivalent sites is reduced by Gymmetry to 8 of A-type and 16 of B-type sitess¥a
direction of magnetization at low temperature0i31] and it does not reduce the symmetry, so
there are 8 and 16 magnetically inequivalent ironsion A and B sites respectively. As a
consequence, 8 Fe(A) lines and 16 Fe(B) lines mdigied in the NMR spectrum below.T

In fig. 3.2.17 the’’Fe NMR spectrum of magnetite single crystal of highity (T,=123.9K),
measured at T = 4.2K at zero external magnetid,fisldisplayed [StepHT99].

T T=42K

Intensity (rel.u.)

48 49 50 51 65 66 67 638 69 70 71 72 73 74 75
Frequency (MHz)

Figure 3.2.17°'Fe NMR spectrum of magnetite single crystal meabatd=4.2K (T,=123.9K)
[StepHT99].The upper spectrum is 8 times magnified.

The spectrum occupies the broad frequency intefd&-75 MHz) and consists of a
superposition of A- and B- subspectra: 7 narrovomasce lines (6 of those are simple and the
7th is doubled) of A-positioned iron ions (A- subsprum) within the frequency interval 69-71
MHz (see fig.3.2.18) and the rest are B-lines (Bspectrum, fig.3.2.19) [StepHT99, Nova00,
NovalCFO0O].
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Figure 3.2.18A-subspectrum of a high-purity magnetite singlestaymeasured at 4.2 K [Nova00]; A
and A lines are superimposed.
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Figure 3.2.19. NMR spectrum of a magnetite singlgstal at T=4.2K pointing B-subspectrum out
[Nova00]. The line B and partially the line Bare hidden behind the intensive lineg A,
(fig.3.2.18), as well as the line;Bis hidden by the line Aat helium temperature
[NovalCFO00].
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The temperature region in question is characteribsd following temperature
dependences of spin-lattice ;JTand spin-spin (J) relaxation times. At the liquid He
temperature the spin-lattice relaxation timeg) @f A- and B- lines are considerably long, as a
consequence of ‘stiffnes$ of the electronic spin system. As the temperaisiiacreased, the
electronic spin excitations appear andd&creases rapidly, having on average the same afrde

magnitudes (fig. 3.2.20):
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Figure 3.2.20. Temperature dependences of thelafpice relaxation times (Tfor the sets of A and B
lines of magnetite [NovalCFO0O].

Temperature dependence of the spin-spin relaxatioes T, is displayed in fig.3.2.21.
The behavior of (T) is similar for all A and B lines, exhibiting the minum for T~ 40 K.
Around this temperature,Tor several of the B lines was too small to beetieined with any
accuracy. Relaxations on B sites are by an ordenagnitude faster than on A sites with the

exception of the B and B4 lines where Tare comparable to ones of A lines.
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Figure 3.2.21. Temperature dependences of thesginrelaxation times;Ifor the sets of A and B lines

of magnetite [NovalCFO0Q].

2) Tv<T<Tsr

Above Ty and close to this temperature the spectrum ididadlg simplified, being reduced to
two lines, as expected for the cubic symmetry araymetization direction along the <001>
direction (in absence of an external magnetic fitddding to the unification of the iron ions on
B-sites. For M || [001] all Fe ions on octahedf) 6ites are magnetically equivalent. All
tetrahedral (A) sites are magnetically equivalentM || [001] too. So the spectrum consists of a
single Fe(A) line (very narrow line at 69.590 MHahd single Fe(B) line (66.297 MHz)
(fig.3.2.22) [StepHT99], [Nova00].
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Figure 3.2.22°"Fe NMR spectrum of magnetite single crystal{T21.5K) at 122K [StepHT99].

3) Tsr<T <430K

Between 125 and 131K magnetite undergoes the spientation transition: magnetization
changes its direction from <001> to <111>. Thenvab®dsg there are two magnetically non-
equivalent B sites: for the sites; Bhe axis of local trigonal distortion is paralle the
magnetization, while for sites,Brigonal distortion and magnetization point alodifferent
body diagonals (i.e. the local trigonal axis issg®@ne of the three remaining diagonals [-1,1,1],
[1,-1,1], [1,1,-1]). It leads to the splitting df¢ Fe(B) line to two lines @&nd B) with the ideal
intensity ratio 1:3 (in terms of atoms per unitlageimeans 4 ions of Btype to 12 ions of B
type, or 16 ions of B-type together). The line@tér frequency corresponds tq 8tes, while
the higher frequency line to,Bsites [StepHT99], [Nova00]. All tetrahedral (A)tes are
magnetically equivalent for M || <111> (8 atomsAefype per unit cell). Then the spectrum of
magnetite above the spin-reorientation transitsoexpected to consist of 3 lines: two B and one
A lines with the ideal ratio of integral intensgiel(By):1(B2):I(A) = 1:3:2 (fig.3.2.23)
[StepHT99].
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Figure 3.2.23°"Fe NMR spectrum of magnetite single crystaJ£T21.5K) at 134K [StepHT99].

The next figure 3.2.24 shows temperature dependevicknewidths and splitting (a frequency
distance) between iBand B lines [NovalCFOOQ], characterizing the temperatimerval in

question of relatively pure magnetite,&121.5K).
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Figure 3.2.24. Temperature dependences of a aglithi and linewidths/A of NMR lines of relatively pure
magnetite ({=121.5K) [NovalCF00Q].
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The widths A of the NMR lines close to the temperature of gpiorientation transition are
dominated by corresponding disorder in the spitesysFor higher temperatures they decrease
rapidly and for B lines they level out above 180Khe width of A line reaches a shallow
minimum at about 260K and increases at higher teatye=s [NovalCFO0O].

The splitting & between lines B1 and B2 reflects the anisotropyth&f hyperfine field,
depending on the angle between magnetization amdottal trigonal axis. It increases with
increasing temperature, attaining maximum at ad@@K and then monotonically decreases
[NovalCFO0Q].

The temperature dependence of resonance frequericiegnetite within the temperature range
4.2K<T<430K is shown in fig.3.2.25.

Below the Verwey transition all resonance frequesichange smoothly with increasing
temperature, reflecting tangly a dependence of takyselectron and magnetic structure
parameters on temperature. Temperature dependéadiedalines has the same character. The
behavior of B-lines is somewhat unusual becausteffrequency increase for some of them
with temperature, reflecting that besides the ckaoigthe magnetic moment the temperature

variations of other order parameters are impoifdaova00]. The NMR frequenclyis connected

with the effective magnetic fiel@ by the relation

=8

2 a3.1)

where y is the gyromagnetic ratio and the dominating drtB is given by the hyperfine

contribution B,

A

B, = A 3.2.4.2)

Here A is the hyperfine coupling tensor ang is the electronic magnetic moment. The
temperature dependencefdfelow the Verwey transition is given by the changéoth A and
M. While |/7| decreases monotonically with the increasing teatpes, A(T) reflects the

temperature dependence of an ordering parametg@aametersp and for nonequivalent sites

it may have different character. Above p=0 and there is only one Fe(B) line at. 5o for B
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lines with f<53 MHz A(T) dependence could dominate and the frequendigbese lines

increase with increasing temperatures.
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Figure 3.2.25. Temperature dependencere NMR resonance frequencies in magnetite singtetalr
(Ty=121.5K) [StepHT99].

On passing the Verwey temperaturg t® higher temperatures the frequency dependemces i
Fig.3.2.25 reflect a drastic simplification of NM&pectra, caused by an above mentioned
unification of iron ions in B positions leading & high symmetry of local surroundings of

resonating nucleus.
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4. Experimental results, calculations and discussns

4.1. Experimental results on studied garnets

In following paragraphs, the results of the staflyperfine interactions and relaxation
parameters in substituted YIG (YIG:Al, YIG:In, YI=, YIG:Ca, YIG:Bi) and BIG are
presented.

4.1.1. Effect of aluminum substitution in YIG on°’Fe hyperfine field
anisotropy

Fe** cations occupy octahedral (a) and tetrahedraditey in the yttrium iron garnet.
Previously [Koho99, Koho00] Gaand G&" substitutions on the tetrahedral sites of YIG have
been studied. The present studying deals with Itireinum substituted Y1G. The Alions also
enter preferentially the tetrahedral sites and thaye almost the same ionic radii as'Gaut
differ in their valency. It enables us to studyitles the effect of Al substitution on the iron
hyperfine field anisotropy also the influence gfdifferent ionic radii of trivalent nonmagnetic
substitution, (i) replacement of the magnetic®’Fimn by a nonmagnetic one, and (i) the
influence of different valencies of the nonmagnstibstituents.

A series of YAl FexO12 single crystal films with increasing content of gdbstitution
was prepared from F®; and AbO; oxides in BaO/BOs/BaF, flux by an epitaxial growth on
the gadolinium gallium garnet substrates of (111 @ 10) orientations. Samples were prepared
by M.Kucera and K. Nitsch. The thickness of the8lwas typically of several micrometers.
>’Fe NMR spectra were measured at 4.2K using spin-g¢ebhnique with coherent data
accumulation in time domain and subsequent Fourgrsform (for experimental details see
paragraph 2.6). The amplitude of radiofrequencidfigas set to excite the signal originated

from the nuclei inside magnetic domains only.

>’Fe NMR spectra of the a-sites in the samples Wit ) substrate orientation are shown
in Figure 4.1.1.1. For the magnetization in <11irection the spectrum of a-sites of a pure
sample consists of two main lines with the integmngnsity ratio 1:3. This splitting reflects the

magnetic nonequivalency of the a-sites with resgectthe magnetization direction. The
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assignment of the satellites induced by thé* Adubstitution is based on their intensity
dependence on the amount ob®d in the flux assuming that the substitution inte dh-site
influences predominately the resonant frequenap@fuclei in the nearest a-sites. The amount
of Al in the YIG samples given in Fig. 4.1.1.1 wdstermined from the relative integral
intensities of the satellites and the main linegelites caused by the intrinsic ‘antisite’ defect
(Y®* on a-sites) identified previously [Step98] in Yi&mples are also pronounced in the

spectra.

10

Intensity, arb.units
(6]

0x

Ox |

74.0 74.5 75.0 75.5 76.0 76.5

Frequency, MHz

Figure 4.1.1.13'Fe NMR spectra (a-sites) of¥e;.Al O, epitaxial films measured at zero external
field at 4.2 K. Satellites induced by the Al suhgtnts and Y antisite defects are

denoted.

For the reason of a good resolution of a satefitteicture in spectra one need a low

concentration of substitution. On the other hahd,doncentration of studied defects should be
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high enough from the point of view of the methodissgvity and in comparison with other
present defects to measure and resolve studieliteatgood enough. Following these criteria,
the film with the x=0.017 (fig.4.1.1.1) and (11Q@)bstrate orientation was then picked out for
the studying of changes of the hyperfine field tenaduced by the presence of Al. This film
(12 pm thickness) was measured at 4.2K in the externagnetic field of 0.1T applied
consecutively in 16 different directions parallelthe plane (110) of the film. The dependence
of resonant frequencies of main and satellite limeshe angle between magnetization direction
and the direction [001] was studied.

Spectra of-main lines and satellite lines induced by ‘Alearest-neighbors and others

nearby at different angle8 are displayed in figure 4.1.1.2.

The angles? were identified according to the known angularetefence of the maia
andd lines. The satellites induced by the presencel&fians in the nearestneighborhood of
a sites were identified after elimination of thé"™antisite defects satellites with known angular

dependences.
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Spin echo intensity, arb.units
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Figure 4.1.1.2. Spectra afmain lines and satellites nearby (including Alteed and “antisite” defects
satellites) at different angle2 measured at 4.2K in external field 0.1T appliethia
plane (110) of the film.
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The angular dependences of the resonant frequetmiessponding to the ma&andd lines are
shown in Fig. 4.1.1.3.
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Figure 4.1.1.3. The angular dependences of th@assdrequencies of the madrandd lines measured

at 4.2K in the external field of 0.1T on the sampidl Fe5 01, with x=0.017.

The angular dependence of the resonant frequeceisssponding to tha-main lines and to the

Al** induced satellite lines is shown in Fig. 4.1.1.4.
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Figure 4.1.1.4. The angular dependences offre (a-sites) NMR frequencies of,M,Fe;, O, With
x=0.017.4 is the angle between magnetization direction &d], Experimental points
(open circles correspond to the main lines, fultles — to satellites) and fitted curves.
The fit has shown that the plane of the film iglsily declined (~0.8) from (110).

Analysis of the angular dependences was perfofforetthe sets of main lines (of both
and a iron sites) and for the complete set of the g#sll corresponding to all
crystallographically equivalent configurations bEtresonating iron on thesite and the Al
substituent on one of its neardssites. Resonant frequencies within a particulaffgg depend

on the magnetization directionaccording to the formula (3.1.4.7):

fu =1 +nNA,N=1 +nG AG,,n (4.1.1)

neglecting terms with higher powers f | is the isotropic term and is the second-order
traceless symmetric tensor describing the hyperfiléd anisotropy for the reference

configuration Ww=1) of the set. The matrice§w) represent point-symmetry operations
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transforming the reference configuration to theeottonfigurations of the set. Considering the

la3d space group of the YIG crystal structure, logahetries of the sites with the resonating
irons and general direction of equation (4.1.1) predicts three mahtines, four maina-lines
and 24 satellite lines @tsites having one Al ion on the nearestsite, and fon in (110) plane

it predicts two maird-lines, three maim-lines and 12 satellite lines afsites having one Al
ion on the nearestsite (see paragraph 3.1.4.2 and the table 3.vithén).

A number of main and satellite lines higher thapeeted for magnetization in (110)
plane were observed in our spectra (fig. 4.1.1r@)cating that the plane of the film, in which
the external field was applied, was slightly destirirom the (110) plane.

The values of and components & were obtained by a least-square fit of Eq. (4.fol)
the experimental data (see figures 4.1.1.3 and 4)1.The declination parameters, taking into
account a discrepancy between the plane of thediiichthe (110) plane, were used as additional
free parameters in a least-squares fit of thelgatehnd main line frequencies in that equation.
The fit has shown that the plane of the film islobed ~0.6* from (110).

The results of the fitting procedure for the mizes:

5. 0 0
| 4™ =64.968MHz A*™"=| 0 51 0 |kHz (4.1.2)
0 0 -102
0 -375 -37
| M =75.798dHz A*™"=| - 375 0 - 37HkHz (4.1.3)
-375 =375 0

are very close to those found previously for thenmally pure YIG single crystal [Koho97,
Step98] and Ga:YIG film [Koho99]. The tensors aieeg in the coordinate system of an

elementary cell and correspond to the d-sites lgawinS, local symmetry axis anng[0,0,]]

direction and to the a-sites with their local synmpexis $ along i[l, 1,]] .

For a-sites with Al in their nearest neighbourhooé has been obtained:
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273 -76 -36
| 258 =7511MHz A***=| - 76 - 533 - 583kHz (4.1.4)
-361 -583 260

While the isotropic term is supposed to be modifgedominately by the change of
electron transfer to the 4 s levels of thé*Fen, the anisotropic part depends on the trartsfer
3d and 4p levels but contains also a contributiba dipolar magnetic field of iron magnetic
moments. To obtain the only contribution of thectlen transfer modification, the change
AAM of the dipolar field connected with the replacemeh the neighbour iron with a
nonmagnetic ion should be eliminated. The dipakddffor any position of the resonating iron
nucleus and the replaced neighbouring*Fen be calculated using the crystallographic data
[Step00]. Unfortunately it is not possible to cheasambiguously the corresponding tensor

from the set of
a,sat—~-1 A8 S
Aoy =G, AR SR (4.1.5)

tensors (to decide to which of 24 possibilitiesatresponds) without an additional assumption.
To solve this problem we have used the superposithodel [Engl85,Engl90] (see
paragraph 3.1.3.5.5). This model predicts thatréselting hyperfine field on the iron nucleus
(after a subtraction of a dipolar field) is a sufrcontributions of the individual bonds from the
central iron to the neighbour cations via connectimygens; and each of the contributions is
given by a uniaxial tensor with the axis along f#e-O direction of the Fe-O-Al triad. The
experimental data do not yield these individual tabations of course, but only their sum.
Supposing that the model is valid with the precisip to the difference for an iron with and

without substitution in its neighbourhood, the @ns

AA&NT = pamain_ A asat_ A adip (4.1.6)

should be also uniaxial with the axis in the Fe-h@ddion.
The all 24 possibilities were tested and, simylask in the cases with Ge and Ga
substitutions, only one of them was close to thegljotion of the superposition model. After its

diagonalization, the principal values 421, -246751kHz were obtained. The first one
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corresponds to the principal axis deviated by dnlif from the Fe-O direction. The second
principal value differs only slightly from the tkirone. The tensor is therefore nearly (however
not exactly) uniaxial. The principal values (eigalues) of AA*"™ tensor following from its
diagonalization and the deviation of the first pijpal axis are given in Table 4.1.1, together
with the summarized data for Ge and Ga.

We can conclude that the situation studied (resug@&on nucleus om site, substituent
(Al) on the nearedt site) (together with analogous cases of Ga andubstitutions) complies
with the “independent bond” model, while a contctidin was found for the complementary

case (resonating iron ahsite, substituent on the nearasite) (see paragraph 3.1.3.5.5).

~ lonicradius 1*™N_ s Figenvalues oAA®" QP a
Substitution 5
(nm)? (MHz) (kHz) (MHz) )9
Ge 0.039 1.135 (224; -152; -72) 0.078 11
A% 0.039 0.687 (421; -246; -175) 0.027 1.1
Ga" 0.047 0.852 (451 -254; -197) 0.037 28

Table 4.1.1. Modification of the hyperfine parameta substituted YIG.
AAa,hsza,main_Aa,saLAAa,dip

¥ |onic radius of F¥ in tetrahedral coordination is 0.049 nm.

% Anisotropy invariant o1A*" defined asQ = %[(A i AA‘;"yhf)z + cyclic]

° Deviation of the ¥ principal axis from the Fe(a)-O direction.

These results together with those previously oktiifor G&" [Koho99] and G&
[KohoOO0] substitutions form a basic set of hypefiparameters enabling us to consider the
influence of (i) different ionic radii of trivalemtonmagnetic substitution, (ii) replacement of the
magnetic ion F& by a nonmagnetic one, and (iii) the influence iffedent valencies of the
nonmagnetic substituents. All the three nonmagreeticstituents decrease the isotropic term for
iron nuclei in their nearest a-sites (see Tablel1}.1The effect of the valence change is
somewhat smaller but comparable to that due torépéacement of iron by a nonmagnetic

trivalent cation with similar ionic radius. Angulalependences of the a-main lines and the

124



satellites resonant frequencies for Ge, Ga, ansuBstitution show at first glance the increase of
the hyperfine field anisotropy induced by the sitbson, weaker for Ge than for Ga or Al.

We can then conclude that the major change ohyiperfine field anisotropy is caused
by the replacement of the magnetic moment on tihghbeur cation site. It remains important
for the a-sites even after elimination of the dgvdleld contribution. The change of valency has
weaker but comparable impact. The influence of idrec radii difference seems to be less
important.

The results concernimgFe NMR in Al substituted YIG have been publishea@f@02-1],
together with the analysis and comparison of hypefields modifications induced by Al, Ga

and Ge cation substitutions.

4.1.2. Nuclear magnetic relaxation in YIG films wih nonmagnetic

trivalent substitutions

Effects of cation substitutions and impurities mrclear magnetic resonance (NMR) of
>’Fe in magnetic iron oxides are usually observeectly in spectra where they reveal
themselves as additional weak lines (satellitesiray from the modification of the hyperfine
field at the nuclei in the nearest neighbourhoodutfstituents. Another, but less explored effect
of impurities is their influence on the nuclear metc spin—lattice and spin—spin relaxations.
For instance, paramagnetic substitutions by rarth®a&ations enhance the relaxation rates in
YIG significantly [Genn61, Robe61]. However, relaga studies on magnetic oxides meet
difficulties in both the theoretical analysis oktlelaxation mechanisms [Beem68] and in an
experimental verification. The only systematicatydied changes of the relaxation rates in YIG
epitaxial films were carried out on YIG with nonnmagic non-trivalent (charged) cation
substitutions (silicon, calcium, lead) [Wagn96]. M¢hfor increasing content of Sithe spin—
lattice rates increase, they are reduced fdf.Ga the case of lead which can be either di- or
tetravalent, the spin—lattice relaxation rates glyadecrease up to a certain Pb concentration.
These results were interpreted as due to the noatn of the number of charge compensating
intrinsic defects, namely a formation of?Féons, by the charged substitution. In comparison
with that mechanism the direct influence of thergbd substitutions was supposed to be

negligible.
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The aim of the present study is to estimate thectlimpact of the substitution. It should
be then investigated in systems where the valehtleeosubstituent is the same as that of the
replaced cation. Three sets of samples were stu@ad choice covers all cation sites of the
garnet structure, i.e. the nonmagnetic*Athat prefers tetrahedral sites of ferric ions’" In
occupying octahedral sites, and®L¢hat replaces yttrium in dodecahedral sites.

Epitaxial films were grown from BaO/Bs/ BaF, flux on a GGG substrate with (111)
orientation. In comparison with the PbO flux usad\Wagn96], the barium flux excludes the
presence of lead in the samples and minimizesnplatiimpurities from the crucible. The
preparation technique allows to increase gradublycontent of the substituent in the flux and
to prepare well-defined concentration series of @am Our samples were prepared by M.
Kucera and K. Nitsch.

YIG spectra measured in zero external field cansfsa single main line of d-sites
(resonant frequency ~64.95MHz at 4.2 K) and twormiimiesal anda2 (resonant frequencies
~75.06 and ~76.06 MHz at 4.2K) assigned to a-siégded due to the magnetic
nonequivalency. In the spectra of the substitutedpes we have detected a satellite structure
characteristic of the particular substitution. dscentration in the sample has been calculated
using the relative integral intensities of satedlitand main lines (according to the formula
3.1.4.12). Beside the satellites corresponding goven substitution, satellites corresponding to
the intrinsic defects as yttrium occupying a-saes silicon impurities on d-sites also appear in
the spectra. Their intensities do not vary notablth the increasing amount of the aimed
substitution.

Relaxation rates were measured in zero externgheate field at 4.2K on the signal

within magnetic domains only for all the three méires, i.e.d; al anda2. The spin- lattice

relaxation rateT,* was determined from the dependence of NMR signahe repetition time

of the two-pulse spin echo pulse sequence. The-spin relaxation ratd,* was measured by

two techniques:

(1) from the signal intensity dependence of the-putse spin echo on the delay between pulses
and (2) from the decay of the individual echoetheamultiple pulse Carr-Purcell-Meiboom-Gill
(CPMG) sequence.

Analyses of the time dependences were made bysadgaare fit assuming a single-exponential
behaviour. The time intervals, within which thesfivere carried out, were kept constant.

An effect of substitution was characterized byitithiced change of the relaxation rate:
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1 1 1 ,
?zTTbSt_W?’ i=1,2. (417)

The changes of the spin—lattice relaxation ratainobd are shown in Fig. 4.1.2.1. All the
three types of impurities influenasT,™ within the studied concentration range in a simiay,

i.e. the increase of their concentrations leadhdéaeduction of the relaxation rate. The decrease

seems to stop when the concentration of about k#sGeached.
The AT,™ values obtained for the same amount of the substitper formula unit are

quite comparable, although the substitutions canceagnetic (Al, In replacing ferric ions) as
well as nonmagnetic (La replacing yttrium) subtas. The only common feature then seems to
be an increased perturbation of the crystal stragberiodicity caused by the presence of cations
with different ionic radii.

The nuclear magnetic spin—lattice relaxation maidms proposed for magnetic oxides
[Beem68] assume that the energy dissipation isledaly the hyperfine and dipole—dipole
coupling between nuclear and electron magnetic mésnedur results might relate to the
influence of the disturbed crystal and electroructtire periodicity on the electron spin
dynamics. The principal role of other effects o# gubstitution, like possible influence on the
domain wall properties or magnetic dilution in ireamblattices by In and Al, cannot however be
excluded.

Detailed comparison reveals that in cases of Al Bnsubstitutions the decrease of the
relaxation rate is rather more pronounced for ttalgedral than the tetrahedral sites.

Fig. 4.1.2.2 displays the results obtained for shen—spin relaxation rates. In certain

cases significantly different values were obtaifredh the two techniques used - the two-pulse

spin echo and the multiple pulse Carr-Purcell segeeFor this reason we reféf*(1) to the

former andT, *(2) to the latter method.
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Figure 4.1.2.1. Dependence “§fFe nuclear relaxation ratél'q'1 of main lines for ¥Fes, Al,O1,, YsFes.

«INyO1, and Yz,LaFe0,, on x-axis, plotted as differences between the eslof the

substituted and the pure sample. Symbols: circlted-triangle up=al-site, triangle
down=az2-site. Relaxation rat%;{"e of the pure sample for d; al; a2 main lines are

respectively 16, 20, 20's

The T,*(2) relaxation rates are comparable to #eé values of the same samples and
also exhibit similar dependence on the amount b$tsution.

The T,*(1) for the Al and La substitutions follow more orsehe T, *(2) values, but a
substantial difference is seen for the In substitutvhere after reaching x~0.05 thg*(1)

sharply increases.
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(2) are 16, 16, 19's

Following Ref. [Ghos71, Klau62], the time depenck=h of the signal intensities

obtained by the two methods in solids may differalgiffusion-like terms as a consequence of a
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different reflection of frequency fluctuations inet methods used for relaxation measurements.
The fluctuations give rise to an extra decay of $p@-echo signals apart from their usual
exponential relaxation decay. The resultant desayigeneral, nonexponential in character and
depends on the peculiar nature of the experimelsb,At is worth to point out the anisotropy

pronounced for the octahedral sites by a significifierence between th&,*(1) values of al

and a2 main lines.

In conclusion, the effect of trivalent substituioon the spin—lattice and spin—spin
relaxation rates has been studied. Although thexgds are more subtle than in the case of
substituents with different valencies, they arelvdstectable. All the trivalent substitutions

studied decrease the spin—lattice relaxation rafth wncreased concentration. Similar
dependence was found for the spin—spin relaxatite exceptT, (1) for the In substitutions

above x~0.05.

These results have been published [Gama02-2].

4.1.3. NMR spectra and relaxations of’Fe in calcium-doped

yttrium iron garnet films

Various impurities can enter the cation sites I®Mf their charge is different from 3+,
compensation is needed to balance the extra chaigese impurities are therefore called
charged impurities, in contrast with trivalent onéfsthe charge cannot be balanced by the
present impurities, the formation of charged irsicndefects like F& and F&' takes place. It
has been shown [Donn94] that these intrinsic defesll be created only if other impurities
cannot balance the charge. Since the presencesofall quantity of nontrivalent Fe ions is
difficult to detect directly in presence of a langember of F&, only indirect methods can be
used to prove their existence.

Cd" is supposed to replacein c-sites. Charge compensation can be reacheaibsgd
substitutions (e.g. GaGe', C&*-Si*). On the other hand, 3¥CaFeO1, samples without
charge compensation doping can also be prepdfeeINMR was employed to trace an effect of
C&* substitution in YIG films prepared by liquid-phaspitaxy on GGG substrates. The
following series of samples were used for our stud{s:Ca prepared from lead oxide flux,

YIG:Ca-Ge, YIG:Ca-Si and YIG:Ca prepared from barioxide flux. Samples were prepared
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by M. Kucera and K. Nitsch. NMR spectra and for Y0@ samples prepared from barium oxide
flux also relaxation rates were measured at 4.2Kenmo external magnetic field. The spin echo
technique with coherent data accumulation in timenain and subsequent Fourier transform
was used.

Comparing thé’Fe NMR spectra of various series of Ca substitstetples (YIG:Ca,
YIG:Ca-Ge and YIG:Ca-Si) and considering their geanwith the increasing Ca content in a
flux, a pronounced satellite line induced by Ca waatified at 65.6 MHz in the d-site spectral
region. Examples of spectra areFig. 4.1.3.1

The analysis based on the YIG crystal and magséticture predicts two satellite lines
corresponding to those resonating iron nuclei sites which have one of their nearest c-sites
occupied by the substituent. Provided the Ca csteme randomly distributed on c-sites, the
satellites should be of equal integral intensitigs= InainX/3, where Lain is the intensity of the
main d-line anck means Ca content per formula unit. The secondlisatase was not observed
being presumably hidden by the main d-line. Theteanof Ca per formula unit (r) was
estimated from the ratio of the Ca-induced sageliitd the main d-line integral intensities.

The impact of the Ca substitution in YIG:Ca sampten relaxation rates was also
studied. A well-defined series of YIG:Ca epitaXiins grown from the flux BaO/BDs/BaF, on
a substrate
orientation (110) with gradually increased contehtCaCQ in the flux was measured. Lead-
free BaO/BOs/BaF, flux, in comparison with a flux based on PbO, gex samples without
lead impurities and with a minimal Pt cont§Btep99}—seeFig. 4.1.3.1

Relaxation parameters were measured for main ed-liat 4.2 K. The spin-lattice
relaxation rateT,” was determined from the dependence of a two-psfse echo on a
repetition time. Spin-spin relaxation rafg* was measured from the dependence of a two-pulse

spin echo on a time delay between pulses and atteehy from the decay of individual echoes

in a Carr—Purcell- Meiboom-Gill multiple pulse seqae. As the time dependences may differ
probably due to the diffusion-like term we ref€f* (1) to the former andr,*(2) to the latter

method.
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Figure 4.1.3.1. d-site regions OFe NMR spectra of YIG films prepared by liquid paapitaxy on
GGG substrate of (111) orientation, T = 4:2K. Assid are Ca-induced satellites and the
previously identified[Step99, Nova95, StepO@atellites induced by yttrium antisite
defects Y(a) and by Pb and Pt impurities.
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The results are plotted iRig. 4.1.3.2 The divalent calcium ions could be charge
compensated by charged impurities, vacancies, Bocg an induced decrease of thé'Fens
in a sample (needed for charge compensation afvigent impurities like Pt if not enough
divalent impurities are present). With increasing’’Cconcentration, the formation of £e
should be then more and more suppressed. The NKfRitsalines assigned to Feions have
not been identified till now, but the relaxatiorfieo a possibility to monitor P& indirectly. Fé*
is a strong NMR relaxation centre and the diminutaf its concentration should rapidly
decrease the spin—lattice relaxation rg##agn96] The decrease was really observed {Sge
4.1.3.9 in our series of YIG:Ca films prepared from bamitiux, but only for xur higher than
~0.002. It indicates that for lower content of Chaen the relaxation rates remain approximately

constant, the charge compensation is reached ley otbchanisms.

100 . . .
0
T~ 10 F -
S
= 1F -

3x10-4 10-3 Ix10-3

*NMR

Figure 4.1.3.2. Dependence®#e NMR relaxation rates on Ca content for the naglime in a series of

YIG:Ca films prepared from Ba flux on GGG substrgtELO) orientation, T = 4:2K.

Circles=T,*, triangles down =T, * (1), triangles up =T, *(2).

In conclusion one can summarize: the effect of*Gabstitution on thé’Fe NMR
spectra and relaxations was measured in YIG epitditins. A satellite line caused by the
presence of CAwas identified in the spectra of d-sites of YIG;Ca—Ge and Ca-Si films. In a
YIG:Ca series, after an initial constant region deerease of a spin—lattice relaxation rate was
observed in a dependence on the increasirfy &@mtent. The changes in relaxation rates are

much more pronounced compared to trivalent sulbstitsl studied in the previous paragraph
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4.1.2. The onset of the relaxation rate decrea¥@@iCa series is supposed to correspond to the
induced decrease of an amount of ‘Fens, while charge compensation is reached byrothe
mechanisms for lower calcium content.

These results have been published [Step04].

4.1.4. NMR of°"Fe in bismuth-yttrium iron garnets

In previous paragraphs a modification of hyperfmnagnetic field at nuclei in a vicinity
of cationic substitution was discussed. Low conegin of substitution gives rise to
characteristic satellite lines which appear in ectfum besides the main lines (corresponding to
the nuclei with no substituent in their vicinity)mposing that the induced change of frequency
exceeds the linewidth. In case of a complete reprent of ¥* in dodecahedral (c) cation sites
the pattern of the spectrum is expected to be goakto that of YIG (provided magnetization
direction remains parallel to [111]), with possildhifts of the resonant frequencies. In the
present paragraph we dwell updire NMR spectra dependence on the replacementoinY
dodecahedral sites by Bi The BF* substitution is well known to modify iron garnetsgnetic
properties and especially to enhance magneto-opéifacts. Because of the considerable
difference in ionic radii of ¥ (0.1019 nm) and Bf (0.117 nm) [Shan76] a bulk sample of
bismuth iron garnet (BIG) cannot be synthesizedveeless, techniques of film preparation
by direct epitaxial growth from vapour phase protede successful [Okud01] (see paragraph
3.1.5.3).

BIG single crystal film and bismuth—yttrium iroramet single crystal film of high Bi
concentration (x=2.75) were prepared by ion beanttspng (IBS) (paragraph 3.1.5.3) by
T.Okuda et al. Characteristics of these samplegji@en in Table 3.1.5.1. Three comparative
samples with low x were used: pure single crystib Yilm grown onto gadolinium gallium
garnet substrate by liquid phase epitaxy (LPE)k lsilgle crystal (x = 0.02) grown from flux
and polycrystalline sample (x = 0.15) prepared lkyamic technique. NMR spectra were
measured at 4.2 K in zero external magnetic figjgin echo pulse sequence with coherent data
summation and Fourier transformation was employed.

Spectra of BiY3_&012 (x = 0, 0.02, 0.15, 2.75 and 3) are plotted in.&iy4.1. The
spectrum of BIG consists of a single line centeae®6.46 MHz which corresponds to iron

nuclei in d-sites and of two lines at 74.00 MHz &5d06 MHz (with relative integral intensities
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~1:3) assigned to iron ions in a-sites. This schema spectrum is characteristic for an iron

garnet having magnetization direction along ~ [111]

| | | [ |
I I I I 1T I

®=0,film (LPE)

| Jl | | [ | I JI
.:f

| N E I I IR
i E ¥ = 0.02, single crystal
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. J '\._I | [ | |
I I T I

¥ =015, polyorystalline sample

Intensity (ark.u.)

¥ =3, film (IBS)

i

73 74 75 =
Frequency (MHz)

Figure 4.1.4.1°"Fe NMR spectra of bismuth-yttrium iron garnetg\WBi,Fe0:, with x = 0, 0.02, 0.15,
2.75 and 3 measured at 4.2K in zero external magfed.

Comparison of resonant frequencies of BIG and Yli@sfis given in Table 4.1.4.1.

1 Ay far Ay ta Ap I, d,

(MHz)  (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz)
BIG 6646 0.57 74.00 ~0.40 75.05 0.50 74.79 1.05
YIG 64.96 0.025 75.06 0.023 T76.06 0.041 75.81 1.00

(s Fasfa o resonant Frequencies ol d, a, and a, lmes; A, A, A, ... linewidths;
L=t 3 LM a= 1)

Table 4.1.4.1. Comparison YFe NMR spectral parameters of BIG and YIG films
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The spectral lines of BIG sample exhibit more tharorder higher inhomogeneous broadening
in comparison with YIG epitaxial films and the Isishape is asymmetric with the slower
decrease towards lower frequencies. The most pl®balason for the line broadening is a
higher amount of intrinsic defects, neverthelesis&ribution of magnetization directions close
to [111] or distribution of demagnetizing fieldshcet be excluded.

Keeping in mind that NMR vyields more precise valaé the hyperfine fields, a good
agreement is found between the hyperfine fieldron nuclei in BIG as well as in YIG obtained
from our NMR spectra at 4.2 K and by Mossbauer eosion electron spectroscopy at 6 K
[Fujioo].

Resonant frequency of a given iron crystallogregiie can be described as a sum of
two contributions: a dominating isotropic parand a small anisotropic part, i.e. a contribution
dependent on the magnetization direction with resspethe local coordinate system of the site
(see paragraph 3.1.4.1). For magnetization parétlef111] the resonant frequency of d-
spectrum equals directly to the isotropic part an@arameter characterizing the anisotropy
cannot be determined from this spectrum. In thes aafsa-spectrum the isotropic part is a
weighted average of thel anda2 resonant frequencies and the anisotropy can bessgd by

means of a splitting), betweenal anda2 lines. Comparison of BIG and YIG given in Table

4.1.4.1 shows that in BIG the isotropic part ishieigfor d-sites, while it is smaller for a-sites.
The splitting of a-lines does not change considgrab

X-ray diffraction performed for yttrium-bismuth gB74] and bismuth iron garnets
[Tora95] indicates that replacement of"by Bi** leads to a shortening of FeXQ@listances in
the tetrahedron while in the octahedron they lesigthin this respect the comparison of iron
hyperfine fields in BIG and YIG is interesting senthe higher covalency related to the shorter
interatomic distances is believed to lower resof@uuencies. The found spectral shifts of BIG
in respect to the YIG reveal, however, just an @eotendency, i.e., decrease in resonant
frequency with increasing size of the octahedramj &ncreasing frequency in case of the
decreasing tetrahedron. This indicates a substamigact of the bismuth electron structure on
electron transfer in Fe—O-cation triads.

In samples with x = 0.02 and 0.15 we have dete@sdved satellites in spectra induced
by the presence of Bi substituent in the neareseighbourhood of the resonating iron
(fig.4.1.4.1). Two satellite lines are pronouncedthe d-spectrum (shifted by 0.54 and 0.81

MHz from the main d-line)a-spectrum contains one satellite line close to ainrine (shifted
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by —0.215 MHz ), and three satellite lines nearta®, of them overlap (shifted by —0.16 MHz
and, for the double satellite, by —0.31 MHz).

For high values of x (close to 3) a mirror struetof spectra is expected. It means that
the spectra contain satellites corresponding torésenating irons with a single*Ycation in
their nearest-neighbourhood regularly occupied (in BIG) by’BiThese satellite lines should
be shifted from the BIG main lines in an oppositedtion than satellites in YIG with small
concentration of Bi. The inhomogeneous line broadgim the spectrum of the film with x ~
2.75 disables detailed analysis, however the mpuamition of satellite lines is still evident at
least in the spectrum of d-sites.

Assuming that the additivity principle is validrfa contribution of individual Bi- Y
substitutions in the neighbor c-site of the resmgairon nucleus to its resonant frequency, the
NMR frequencies for BIG can be predicted on thashatthe YIG main lines frequencies and
the shifts of Bi* induced satellites observed in spectra of théugtizbismuth iron garnets with
low Bi content. Considering numbers of the neaceseighbours of thé anda iron sites and
neglecting small differences in dipolar and Lorentagnetic fields one obtains for BIG (in
MH2z):

fa=14=66.31,fa1=73.76,fao= 74.79,1,= 74.53, 5, = 1.03.

These values differ somewhat from those obtained fthe experiment (see Table 4.1.4.1)
predominately in the isotropic parts for which #simated values are systematically lower.

To summarize the results of the present studyhaukl be noted that the hyperfine
magnetic interaction at iron nuclei in a bismuthrytn iron garnet system Bf s_e;01, with 0
< x < 3 was studied using nuclear magnetic resonaffee NMR spectra were measured by spin
echo technique at 4.2 K in zero external magnegicl.f The spectrum measured in a single
crystal film of BIG (BgFe;012) prepared by IBS reflects the garnet crystal stnectuaving
magnetization along ~[111] direction. The resondmquencies are slightly shifted in
comparison with yttrium iron garnets;¥e;0;,. Satellite lines and line broadening appear in
spectra of partially substituted samples due toisaribution of Y** and Bf* cations in
dodecahedral sites. The modification of a hyperfitteraction induced by replacement of'Y
with Bi** was found. It evidences a considerable differéndie electronic structure of these

cations.
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These results have been published [Step03].

4.1.5. Conclusions on studied garnets.

In the frame of the present thesis the followinghtems concerning the NMR
investigations osubstitutedsttrium iron garnetdave been studied:

1. The effect of Al substitution in YIG on iron hypeirfe field anisotropy.
It was found that the presence of Al substituiionthe nearest cation site in YIG modifies
the hyperfine filed on iron nuclei and gives rige & satellite structure of spectra. The
corresponding AT-caused satellites were identified for series wé fsubstituted samples
and the angular dependences of the resonant freigsefor main and satellite lines were
measured for 16 different magnetization directiolms.fact, the isotropic parts and the
anisotropic tensors for the main and satellitedimeere calculated and compared to those
previously obtained for Gaand G&" substituted YIG, enabling to consider the influent
(i) different ionic radii of trivalent nonmagnetstibstitution, (ii) replacement of the magnetic
ion Fé* by a nonmagnetic one, and (iii) the influence dffecent valencies of the
nonmagnetic substituents. It was concluded, thiathal three nonmagnetic substituents
decrease the isotropic term for iron nuclei in tm=arest a-sites (Table 4.1.1). The effect of
the valence change is somewhat smaller but comigatalihat due to the replacement of
iron by a nonmagnetic trivalent cation with similanic radius. Angular dependences of the
a-main lines and the satellites resonant frequsrfoieGe, Ga, and Al substitution show at
first glance the increase of the hyperfine fieltsatropy induced by the substitution, weaker
for Ge than for Ga or Al. One can then concludée the@ major change of the hyperfine field
anisotropy is caused by the replacement of the stagmoment on the neighbour cation
site. It remains important for the a-sites evererafélimination of the dipolar field
contribution. The change of valency has weakercbotparable impact. The influence of the

ionic radii difference seems to be less important.
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2. The effect of nonmagnetic trivalent substitution®\l( In, La) in YIG on nuclear
magnetic relaxation.
The aim of this study was to estimate the diregtact of the substitutions to changes of
nuclear relaxation rates in YIG. Three sets of damwere studied. The choice covered all
the cation sites of the garnet structure, i.e.rtbemagnetic A" that prefers tetrahedral
sites, If* occupying octahedral sites, andLthat replaces yttrium in dodecahedral sites.
In the spectra of the substituted samples onedetsted a satellite structure characteristic
of the particular substitution. The spin—lattickaxation rateT,™ was determined from the
dependence of NMR signal on the repetition timetre# two-pulse spin echo pulse

sequence. The spin—spin relaxation rafé was measured by two techniques: (1) from the

signal intensity dependence of the two-pulse sphoen the delay between pulsES (1)
and (2) from the decay of the individual echoethenmultiple pulse Carr-Purcell sequence
T, (2).

The changes of the spin—lattice relaxation rataiobd have shown that all the three types
of impurities influenceAT,™ within the studied concentration range in a similay, i.e.

the increase of their concentrations lead to tlducton of the relaxation rate. The

decrease seems to stop when the concentratioroaf &b 0.1 is reached (fig.4.1.2.1). The
AT, values obtained for the same amount of the sulestitper formula unit were quite

comparable, although the substitutions concernaghete (Al, In replacing ferric ions) as

well as nonmagnetic (La replacing yttrium) subtas. The only common feature then
seems to be an increased perturbation of the trgBtecture periodicity caused by the

presence of cations with different ionic radii ahén the results might be related to the
influence of the disturbed crystal and electromicttire periodicity on the electron spin

dynamics. The principal role of other effects a# 8ubstitution, like possible influence on
the domain wall properties or magnetic dilutioniron sublattices by In and Al, cannot

however be excluded. Detailed comparison revedladin cases of Al and In substitutions
the decrease of the relaxation rate is more pracexdirfior the octahedral than for the
tetrahedral sites (fig.4.1.2.1).

The results obtained for the spin—spin relaxatates (fig.4.1.2.2) demonstrate in certain

case significantly different values from the tweheiques used. Th&,*(2) relaxation
rates are comparable to the™ values of the same samples and also exhibit simila
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dependence on the amount of substitution. Thg1) for the Al and La substitutions
follow more or less theT,*(2) values, but a substantial difference was obtafioedn

substitution where after reaching x~0.05 #)é(1) sharply increases. Also the anisotropy
is clearly pronounced for the octahedral sites bgignificant difference between the
T,'(1) values of al and a2 main lines. Following Ref. §6H, Klau62], the time

dependences of the signal intensities obtainedthé&ywo methods in solids may differ by a
diffusion-like terms as a consequence of a differefiection of frequency fluctuations in
the methods used. The resultant decay is, in genswaexponential in character and

depends on the peculiar nature of the experiment.

3. The effect of C&" substitution in YIG on®’Fe NMR spectra and relaxations.
Cd" is a charged substitution for YIG, in contrastrigalent Al, In and La, and replaces
Y** in c-sites. Comparing’Fe NMR spectra of various series of Ca substitstauples
(YIG:Ca, YIG:Ca—Ge and YIG:Ca-Si) and considerihgit changes with the increasing
Ca content in a flux, a pronounced satellite liméuiced by Ca was identified at 65.6 MHz
in the d-site spectral regiorFif. 4.1.3.1) The second satellite line was not observed being
presumably hidden by the main d-line. The impacttted Ca substitution in YIG:Ca
samples on relaxation rates was also studied. phre-lattice and spin-spin relaxation
rates were measured by the same way as in theotasealent substitutions. The divalent
calcium ions could be charge compensated by chamgpdrities, vacancies, and also by
an induced decrease of the?Féons in a sample (needed for charge compensafion o
tetravalent impurities like Pt if not enough divalent impurities are present).thWi
increasing C& concentration, the formation of ¥eshould be then more and more
suppressed. The NMR satellite lines assigned f6ibes have not been identified till now,
but the relaxations offer a possibility to monifee* indirectly. Fé" is a strong NMR
relaxation centre and the diminution of its concatmin should rapidly decrease the spin—
lattice relaxation rateRNVagn96] The decrease was really observed (8ge4.1.3.2, but
only for xymr higher than ~0.002. It indicates that for lowentemt of Ca when the
relaxation rates remain approximately constant, dh@&ge compensation is reached by

other mechanisms.
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4. NMR of °’Fe in bismuth-yttrium iron garnets.
This study concerned the dependencé’éé NMR spectra on the replacement 6f ¥
dodecahedral sites by Bi Samples of BYs_Fe;0:> with x = 0, 0.02, 0.15, 2.75 and 3
were measured and their spectra were analyzedadtfeund that the spectrum measured
on a single crystal film of BIG (BFeO12) prepared by IBS reflected the garnet crystal
structure having magnetization along ~[111] diimeti The resonant frequencies were
slightly shifted in comparison with yttrium iron geet Y3Fe;s01,. The spectral lines of BIG
sample exhibited more than an order higher inhomeges broadening in comparison
with YIG epitaxial films and the line shapes wesyrametric with the slower decrease
towards lower frequencies. The most probable reésothe line broadening is a higher
amount of intrinsic defects, nevertheless a distitlm of magnetization directions close to
[111] or distribution of demagnetizing fields cahibe excluded.
A good agreement was found between the hyperiate 6n iron nuclei in BIG as well as
in YIG obtained from our NMR spectra at 4.2 K andMdssbauer conversion electron
spectroscopy at 6 K [Fuji90].
Comparison of isotropic and anisotropic parametérBIG and YIG have shown that in
BIG the isotropic part is higher for d-sites, whilés smaller for a-sites. The splitting of a-
lines did not change considerably.
X-ray diffraction performed for yttrium-bismuth E874] and bismuth iron garnets
[Tora95] indicates that replacement of*Yby Bi** leads to a shortening of FeZO
distances in the tetrahedron while in the octahedhey lengthen. In this respect the
comparison of iron hyperfine fields in BIG and YIS interesting since the higher
covalency related to the shorter interatomic distanis believed to lower resonant
frequencies. The found spectral shifts of BIG ispext to the YIG revealed, however, just
an opposite tendency, i.e., decrease in resonaguéncy with increasing size of the
octahedron, and increasing frequency in case ofléloeeasing tetrahedron. This indicates
a substantial impact of the bismuth electron stmgcbn electron transfer in Fe—O-cation
triads.
In samples with x = 0.02 and 0.15 the resolveéll#as have been detected in spectra
induced by the presence of Bi substituent in therest c-neighbourhood of the resonating
iron (fig.4.1.4.1). Two satellite lines were promaed in thed-spectrum (shifted by 0.54

and 0.81 MHz from the main d-lineg-spectrum contained one satellite line close to al-
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main line (shifted by —0.215 MHz ), and three diéelines near a2, two of them overlap
(shifted by —0.16 MHz and, for the double satelltte —0.31 MHz).

For higher values of x (close to 3) a mirror stowe of spectra was expected. The
inhomogeneous line broadening in the spectrumefitim with x ~ 2.75 disabled detailed
analysis, however the mirror position of satellitees was still evident at least in the
spectrum of d-sites.

Assuming that the additivity principle is validrfa contribution of individual Bi- Y
substitutions in the neighbor c-site of the resimgairon nucleus to its resonant frequency,
the NMR frequencies for BIG were estimated on tlasid of the YIG main lines
frequencies and the shifts of*Biinduced satellites observed in spectra of theuyttr
bismuth iron garnets with low Bi content. The vaudiffered somewhat from those
obtained from the experiment (Table 4.1.4.1) predately in the isotropic parts for

which the estimated values were systematically towe
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4.2. Experimental results on studied magnetites.

In the frame of the thesis, the modification of #tectronic structure of magnetite by Al
and Ga substitutions is studied by means of NMR’Be nuclei.

A partial substitution of iron ions in magnetite BY** cations affects strongly NMR
spectra of magnetite, despite the trivalent stathese ions, As it was discussed earlier, it was
surprising that Al*-substitution lowers J much stronger than Gasubstitution. This fact was
explained by the assumption that Al ions occupyquestially B-sites while Ga ions occupy
preferentially A-sites. If it is so, we should exptéhat NMR spectra of Al-substituted magnetite
will have the most pronounced satellite structurehie vicinity of A-lines, and Ga-substituted
magnetite spectra will have the most pronounceellgatstructure in the vicinity of B-lines.

To analyze the NMR spectra, the prediction of nunawel intensities of lines 6fFe in
the spectra has been performed. We have been tbamsthe analysis of satellite structure of
simplified (due to higher symmetry of local surrdings) spectra above the Verwey transition.
Below Ty the lower symmetry is expected to result in a higimber of irresolvable weak

satellite lines.

4.2.1.°>’Fe NMR in substituted magnetite — symmetry considetion

As it was mentioned in paragraph 3.2.3, a largmber of cations exist which can be
incorporated into the magnetite lattice. Subsbtutof iron ions in magnetite by other cations
lowers the Verwey temperature,. TThe reduction of the temperature is particuldange for
divalent and tetravalent substitutions, indicatingt their presence hinders the valence ordering

of iron ions on octahedral sites, which is beliet@dccur below V.

On performing substitutions, very often a disttibn of the substituting ions on the
different cation sites is observed, as it was dised in paragraph 3.2.3 for different substituents
of magnetite. The presence of a substitution (oidlg a nonmagnetic one) modifies a hyperfine
field B on the nuclei of those iron ions (sites) which aiiated in a neighborhood of a
substituted ion, giving rise to a modification dieir resonance frequencies and, as a

consequence, satellites appear in NMR spectraditiad to main lines (if a frequency shift is
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larger than the linewidth of the corresponding mime). Amplitudes of satellite lines are
proportional to a concentration of an impurity. f&& as an influence of a defect on the
hyperfine field of the resonating nuclei decreasgsdly with the distance between nuclei and
the defect, satellite lines caused by the distafe¢as are covered in most cases by the parent
main lines because of the smallness of their fraqushifts. The only satellite lines are resolved
that cause the change of the hyperfine field onréisenating nuclei larger than corresponding
parent line linewidth.

To predict the number of satellite lines’fire spectra and their intensities for magnetite
structure above the Verwey temperature, we havsidered the local symmetries of iron sites
with resonating nuclei and the symmetry disturbamisen the defect/substituent appears in their
vicinity. We have employed a concept of crystaliggric and magnetic equivalency in a similar
way as it was done for the garnet structure (pamyi.1.3.5). The results of the analysis are
given in the next table 4.2.1. The prediction akeBie patterns for both resonating iron sites
without and with substitutions in their neighbouwriA or B sites is presented together with the

3
anisotropic termZAﬁni n in the expansion of Eq.3.1.4.1 up to its secordkoterm (see
i,j=1

Eq.3.1.4.3).
) Position of a resonating N o Fe surrounding
Notation Position of a substitution o
nucleus (within 5A)
a) 160=B 12 x 3.453 A
8a=A
b) 8a=A 4 x 3.607 A
c) 160=B 6 x 2.945 A
16d=B
d) 8a=A 6 x 3.453 A
) Relative N
Notation ) Positions of the
o ratio of _
Magnetization S from the| Number of | | N satellites
- > Ainn, _ intensities|
direction e upper satellites (in order of the
of the _
table _ previous column)
satellites
I+a;
[100] Axx a),c),d) 2 2:1
I-2a;
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b) 1 - I
+20+203;
[+20-2(3;
a),c),d) 4 1:1:2:p
l-a+2y;
[110] ApctAyy+2Ayy
[-a-2y,
[+2y;
b) 2 1:1
I-2y;
1+2B+4y;
a),c),d) 3 1:2:1 [-23;
[111] 2AXy"'ZAXZ"'ZAyz I+2[3-4w
[+6y;
b) 2 1:3
I-2y,

Table 4.2.1. Surrounding of an iron ion in mageetibove the Verwey transition and corresponding
satellite structure of spectra.

Notations in the table:
a) - substitution is positioned in the plane of the Byatry for the position of a resonationg

nucleus (%Y, y-X, Z-2) . Then tensor A has 3 independent terms, detsdrasa, (3, v

a B 4
B a 4
4 y o

Another terms GAG one can obtain by 24 operations of the symmewymr where G are the
same as for garnets (paragraph 3.1.3.5, Eg. 3)1#hé&re will be 12 different results.

b) - substitution is positioned in the plane of the syetry and on the 3 fold axis:

1. rotation x-z,z-Yy, y-X

2. rotation X%y, y-2z,z-X

symmetry plane xy, y-X, z-z

Tensor A has 1 independent term, designated as:gama

0 14 14
14 0 14
14 14 0
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Another terms GAG one can obtain by 24 operations of the symmeymr where G are the
same as for garnets (Eq. 3.1.4.7). There will béférent results.

C) - substitution is positioned in the plane of the Byatry for the position of a resonating
nucleus, as for a) .

d) - substitution is positioned in the plane of the mtry for the position of a resonating

nucleus, as for a).

4.2.2.°'Fe NMR of AI** substituted magnetite below the Verwey transition.

To study the effect of Al-impurities on the electio structure of magnetite several
synthetic single crystals of £gAlIO4 were used with aluminum contents x = 0.005, 00002,
0.03. The compounds with x = 0.005 and x = 0.0lilekithe first order Verwey transition,
while the other two compounds exhibit the secomtto¥erwey transition (fig.3.2.16).

Single crystals were prepared frarFe,03 (99.9% purity) by means of a floating zone
technique by V. Brabers and coworkers. After a teflization, the single crystals were
additionally annealed for at least 48 hr at temjpees between 1150 and 1300in adjusted
mixtures of CQ and H to obtain the highest oxygen stoichiometry [Brgb9&/ith this
technique, homogeneous and stoichiometric singstals with a predetermined impurity
composition can be prepared.

High-sensitivity magnetic disaccommodation techeiguas used for analysis of the
oxygen stoichiometry. This technique allows resajvideviations in the oxygen stoichiometry
smaller than 1 ppm, in order to ascertain a higyger stoichiometry of the samples [Brab98].
In all the substituted samples the relaxationstduglectronic processes were distinctly present
in the temperature range below 150 K, whereas élcancy induced peaks at about 300K were
completely absent, thus indicating a vacancy camagon of lower than 18 [Brab98].

The Verwey temperatures, Tof the samples were determined from the tempegatur
dependence of the electrical conductivity measbsed four-probe technique [Brab98),’'s of
the substituted samples were then independeniipasid by means of NMR technique in our
research. They were found decreasing with incrgagincontent in agreement with [Brab98]:
Tv(x=0.005¥121K, T(x=0.01K117K, Ty(x=0.02)<105K, T(x=0.03)<100K.
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NMR spectra were measured by the spin-echo metwdg the phase-coherent
spectrometer with an averaging technique and thet Faurier Transformation. The
measurements were performed at zero external madredtl. The high radiofrequency power
was used to excite the signal from nuclei in domaimly. The signal-to noise ratio was
significantly improved by using the Carr-Purcellggisequence.

We also have taken into account the fact thatrélaxation times are different for
different resonance lines and reconstructed thetspa in the limitt - 0, wheret is the time

interval between the exciting and refocusing rdcBquency pulses.

4.2.2.1°"Fe NMR spectrum of Al-substituted magnetite at T=2K.

In fig.4.2.1 the NMR spectra of pure magnetite @ading to [NovaOO]) and Al-
substituted magnetite with x=0.005, measured atummeltemperature, are compared. Line

notations are taken the same as it was for purenetihg spectrum.

The spectrum structure and positions of all liok& and B-type are exactly the same for
both spectra: all lines visible on the pure mageetpectrum (having notations over them) are
present in the substituted spectrum and the lindsndt change their positions under the
aluminum substitution of such content. The diffeeare that the bottom spectrum has lines of
A and B-type visually broadened. Also new weakdifgesignated as an additional spectrum in

the figure 4.2.1) were found within the frequenagge 35-48 MHz.

The character of magnetite spectrum having sup@sexgb many of B and all A-lines within the
frequency range 68-72MHz (see fig.3.2.18 and fyl® for details) and additional lines
broadening caused by the presence of Adns makes impossible to reveal satellites in the
vicinity of A-lines, caused by the substitutionr@farest neighbor Fe ions of B-type by *Abns

at such content.
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Figure 4.2.1. Comparison dfFe NMR spectra of pure magnetite;Bg(according to [Nova00]) and Al-
substituted magnetite £\l O, with x=0.005 at T=4.2K. The bottom spectrum has 60
times-magnified low-frequency part within the freqay range 35-52MHz.

4.2.2.2. Dependence of linewidths on aluminum comte

In fig.4.2.2 NMR spectra measured at liquid heliwemperature of Al-substituted

magnetite are presented for different aluminum eatst namely x=0; 0.005, 0.01, and 0.03.

The positions of all lines of A and B-type in aflectra of figure 4.2.2 are the same (the

lines did not change their positions under the ahum substitution up to x=0.03 at T=4.2K).

The differences of the spectra are similar to thasserved in fig.4.2.1: the substituted spectra
have all the lines (of A and B-type) broadened. Breadening depends on aluminum content:

the more substitutions - the broader NMR lines are.
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Figure 4.2.2°'Fe NMR spectra of pure magnetite;8g (according to [Nova00]) and Al-substituted
magnetite FgAIO, with increasing aluminum content x measured at.ZK4 In the
frequency region 33-57 MHz, the spectra are drolso magnified (in cyan) for clearness.

Figures 4.2.3 and 4.2.4 demonstrate this tendendgtails.
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Figure 4.2.3. Dependence of the widthdor A-lines taken at a half of their amplitudes almminum
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In the figure 4.2.4 data for B-lines which are welolved at all aluminum contents studied are
presented. Data for corresponding linewidths forepmagnetite first reported in [NovaOO] are
collected in the table 4.2.2:

A-lines A, MHz B-lines A, MHz

Al+A2 0.019 Bl 0.044
A3 0.040 B2 0.340
A4 0.015 B12 0.188
A5 0.028 B13 0.215
A6 0.017 B14 0.065
A7 0.015 B15 0.031
A8 0.009

Table 4.2.2. Widths of some NMR lines of pure médigaat T=4.2K [Nova00].

In view of these data the broadening of lines cobél attributed to the influence of Al
substitution. Systematic broadening can be theasgion of visual missing of satellites in the
vicinity of A-lines for higher aluminum contents.

New sets of weak lines (similar to that observadfig.4.2.1) appears within the
frequency range 35-48 MHz in all substituted s@ectihese new sets of weak and broad lines
could be assigned either to the resonanéduclei (nuclei of*’Al have quadrupole moment
0.15*10% cn? and magnetogyric ratis6.98*10 radT™S", which are known to produce wide
spectrum with large line broadening at zero exiemagnetic field) or to some defects in
magnetite structure. Further careful inspection rfexgaled that traces of NMR signal are also
present in the spectra of nominally pure sampléiwithis frequency region. Thus the origin of
these lines is not clear at present and an addltisiudy of various nominally pure magnetite
samples would be necessary to proceed to clarify issue. However, long spin-lattice
relaxation times T of pure magnetite samples would lead to enormotighg consuming

measurements of weak signals within this frequeagion.

Some of Al-substituted spectra studied revealbdroteak lines the origin of which was

attributed to the sample preparation process. kample, well enough distinguished narrow
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weak line at 46.63MHz is presented in x=0.03 spectonly (Fig.4.2.2) and was recognized as
the line of powdered iron at helium temperaturerfb9].

4.2.2.3. Temperature behavior of resonance frequeigs of the main lines

below the Verwey transition

In this paragraph we will consider the temperatinehavior of >’Fe resonance
frequencies of Al-substituted magnetite below tlewey transition in details.
Resonance frequencies of tetrahedral (A) iron $gesluminum substituted samples with x=0,
0.005, 0.01, 0.02 and 0.03 are plotted in figuge5as functions of temperature.
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Figure 4.2.5 Temperature dependence of resonaegeencies of the main lines for tetrahedral (Ahiro
sites below the Verwey transition. Data for puregnedite (x=0) are taken from [NovaOO]
and are plotted in red. Black circles, trianglégaptbnds and squares designate the resonance
frequencies of the samples with aluminum conted®®.0.01, 0.02 and 0.03 respectively.
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Apparently positions of the main lines of tetrateédron sites at a given temperature do not
depend on Al concentration and are the same a% tbbshe pure samples reported in
[NovalCF0O0, Nova00] (see fig.3.2.25).

In figure 4.2.6 the temperature dependences onsexe frequencies of octahedral (B)
iron sites for the samples with aluminum contert8,50.005, 0.01, 0.02 and 0.03 are presented.
Notations of the lines to the right of the curvesrespond to designations of B-lines in figures
3.2.18, 3.2.19 and 4.2.1.

Since some of B-lines are not always well resoiwespectra the fitting procedure is not reliable
enough for them. As a consequence, only those é%limere taken into consideration, which
were reliably fitted. The most problematic spedtréhat sense were ones at approximately 23K
and 55K because of the behavior of spin-spin rélexdimes within the region close to those

temperatures. It will be discussed in one of tha paragraphs.
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Figure 4.2.6. Temperature dependence of resonaegeehcies of the main lines of octahedral (B) iron
sites below the Verwey transition. Data for pure gn&ite (x=0) are taken from

[NovalCFO00] and are plotted in red. Black circlemngles, diamonds and squares designate
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the resonance frequencies of the samples with alumicontent x=0.005, 0.01, 0.02 and
0.03 respectively.

As in the case of A-lines, positions of the maine§ of octahedral iron sites at a given
temperature do not depend on Al concentration amdh@ same as those of the pure samples.
The temperature dependences in question did neakeany changes in the values of
hyperfine fields on iron sites, giving rise to mémes of magnetite belowyT in the presence of
Al substitution up to x=0.03.
These results together witfFe NMR spectra of Al-substituted magnetite with
increasing aluminum content have been publishedh@Qd].

4.2.2.4. Temperature behavior of linewidths of maitines below the

Verwey transition.

The temperature dependence of linewidths of than iiaes of Feg.,AlxO, below the
Verwey transition was studied on the sample with.885 that has more lines resolved than the
other samples have.

In figure 4.2.7 the A-spectra of the sample messwat 3 different temperatures are
shown. Visually, the lines a3-a8, being a littledmened at liquid nitrogen temperature become
narrower at higher temperature. The presence eflisag under A-spectrum was undoubtedly
seen when the fitting procedure had been perforrhledvever, taking into account that Al
satellites with unknown positions and temperatedistribution under A-spectrum could affect
the linewidths noticeably, the quantitative datdieéwidths for A-lines are not presented here
because of their unreliability. In addition, lingé(fig.3.2.18, 3.2.19, 3.2.25) which is within the
whole measured temperature interval covered witkslia3-a8 and, as a consequence, has
unknown linewidth and intensity, affects resultsieedl.

The only exception is the line al+a2, the fittimggedure of which seems to be reliable enough.
The halfwidth of the line is 0.01% 0.002 MHz within the whole temperature region hetbe

Verwey transition.
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Figure 4.2.7. A-spectra &fe;. Al O, with x=0.005 at temperatures of liquid heliumyiidj nitrogen and
100K.

The behavior of the linewidth of al+a2 line beldwe tVerwey transition was reported for pure
magnetite in [Nova00]. It was found no broadenifthes line with increasing temperature up to
Ty (the reported value of linewidth was 0.019 MHzheTconclusion was that two formally
inequivalent F&-sites, giving rise to this line, have nearly tlaeng oxygen environment and
also their effective exchange fields are equalotimer words, the sites should have the same
arrangement of nearest iron cation neighbors amy ei®se geometry of Fe(B)‘OFe*'(A)
triads. Presence of aluminum substitution of theteat x=0.005 does not change the situation
for the linewidth of al+a2 line.

In figure 4.2.8 the halfwidths of several B-linase displayed. The lines were chosen
under condition of a good resolution at all meadusmperatures. There is no significant and
systematic change in the temperature behavior ¢ihdé¥ linewidths. However, a slight
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tendency to decrease the linewidth with increasemgperature is observed in some cases.
Nearest neighbor lines (b1 and b2, b12 and b13abti4b15) seem to have similar temperature

behavior of their linewidths.
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Figure 4.2.8. Temperature dependence of halfwiftthseveral octahedral (B) lines of &Al,O, with
x=0.005 below the Verwey transition.

4.2.2.5. Relaxation times of FgAl,O, below the Verwey transition.

Measurements of Al-substituted magnetite sampdémbthe Verwey transition revealed
that the temperature behavior of relaxation timesubstituted magnetite is in rough outline
similar to that of the pure magnetite (reportedtfin [Mizo66] and then more carefully in
[NovalCF0O0]), however some significant differencescur. To compare the temperature
behavior of relaxations for substituted sample whibse for the pure sample the most intensive
lines from low-frequency interval (i.e. bl line)iddle- and high —frequency intervals (al+a2
and b15 lines correspondingly) of s5AI1,O4 with x=0.005 were chosen. The spin-lattice
relaxation time T was determined from the dependence of a maximuanamplitude for a
line in question on repetition time of two-impulsgin echo. Spin-spin relaxation time Was
determined from a decrease of spin-echo amplitmd€arr-Purcell echo series. Taken into

account that in [Mizo66] the relaxations below therwey transition have been measured only
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for al+a2 line and not for b lines, we comparedrelaxation data of substituted magnetite with
corresponding data of the pure magnetite taken fiowalCF00], where they are presented for
as a- and b-lines below the Verwey transition.

In figures 4.2.9 and 4.2.10 relaxation timgsamd T, for various Al contents are shown.
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Figure 4.2.9. Spin-lattice (J relaxation times of b1, b15 and al+a2 lines fbisdbstituted magnetite

samples at T=4.2K. (Lines are to guide eye only).
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Figure 4.2.10. Spin-spin ¢Y relaxation times of b1, bl5 and al+a2 lines fbiskbstituted magnetite

samples at T=4.2K. (Lines are to guide eye).
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The errors of the fitting procedure fos fielaxation data do not exceed 7%.

Data of ;and T, relaxation times at T=4.2K for corresponding limégpure magnetite reported
in [Nova00] and data for aluminum substituted sampith x=0.005 are collected in the table
4.2.3.

Line Ti(s) , x=0 T(s) , x=0.005 I(ms), x=0 B(ms), x=0.005

Bl 6.6 11.8 59.2 23.9

B15 6.5 11.6 220.9 78.1
Al+A2 7.9 12.5 197 72.7

Table 4.2.3. Tand T, relaxation times for some lines of pure magndtiteva00], and corresponding

data for aluminum substituted sample with x=0.005.2K.

Comparing data for pure and substituted sampléiseifable 4.2.3, one can see that the
spin-spin relaxation times,Tor the smallest concentration of impurity (x=0B)@re more than
twice lower than those for the pure sample, wHike $pin-lattice relaxation times &re about
twice increased as for A and for B lines comparét e pure sample data.

The effect of increasing Al content at liquid el temperature revealed itself the most
in lowering by more than 10 times of spin-lattiedaxation times Tas for A and for B lines
(Fig. 4.2.9).

In figures 4.2.11 and 4.2.12 temperature deperefeot T, relaxation times for al+a2,
bl and b15 lines of Al substituted magnetite sammpte x=0.005 below the Verwey transition
are presented. The corresponding temperature depeesl of T relaxation times for pure
magnetite are displayed in red.
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Figure 4.2.11. Temperature dependence of spircdatélaxation time for al+a2 line below the Verwey
transition for Fe,Al,O, with x=0.005. Temperature dependence for the tfepure
magnetite is shown in red [NovalCFOQ].
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Figure 4.2.12Temperature dependences of spin-lattice relaxaimas for b1l and b15 lines below the
Verwey transition for FgAlO4 with x=0.005. Temperature dependences for the dmes

of pure magnetite are shown in red.
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Comparing data of pure and substituted magnetite,can see a noticeable difference in
behavior of T relaxations of al+a2 and b-lines of the substtsmple. The main difference in
temperature behavior as for A and for B lines isasbed in the temperature interval 30K - 80K
where T relaxations of A and B lines have a tendency tdaseer (especially relaxations of b-
lines) than those of the pure sample. For the Bslithe minima of the relaxations are shifted to
lower temperatures. Another significant changeelaxation behavior can be noticed for B lines
above 80K where Trelaxations decrease instead of increasing oneghé pure sample. In
addition, T relaxation times of A and B ions of substitutednples below 20K are
approximately twice more than ones of the pure samgported in [NovalCF0O].

In figures 4.2.13 and 4.2.14 temperature deperefeot T, relaxation times for al+a2,
bl and bl5 lines below the Verwey transition arespnted. The corresponding temperature

dependences of,Felaxation times for pure magnetite are displayeed.
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Figure 4.2.13Temperature dependence of spin-spin relaxation fon@l+a2 line below the Verwey
transition for Fe,Al,O, with x=0.005. Temperature dependence for the tiiepure

magnetite is shown in red.
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Figure 4.2.14Temperature dependences of spin-spin relaxatioastifar b1 and bl5 lines below the
Verwey transition for FgAIl,O, with x=0.005. Temperature dependences for the $mes

of pure magnetite are shown in red [NovalCFOQO].

At 55K it was too fast for the lines to be measui@dchange of their amplitudes in Carr-Purcell
sequence, so their,Telaxations could not be determined with any aacwr In fact, -
relaxation times around 55K a£8.01ms that is the lowest value we can reliablysuea As a
consequence, most of B-lines are not resolvedigmtémperature region. That is why it is not
possible to study thoroughly temperature regiommdothat temperature, as it was done for the
pure magnetite.

From figures 4.2.13 and 4.2.14 one can see tleaptdsence of Al impurity intensifies
processes leading to minima of felaxations. As in the case of spin-lattice retexatimes T,
the spin-spin relaxations are much faster in theperature region of approximately 30-80 K. In
addition, as in the case of Telaxations, there is a difference in behavioll pfelaxation times
for B lines above 80K: they increase more interlgittean those of the pure sample. In the low
temperature region;relaxations of A line are by an order of magnitlmlger than those of the

pure sample, while relaxations of B lines remaimparable to the pure sample relaxations.
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Taking into account that our measurements of N\Miecsa have revealed that the
smallest Al concentration we have studied (x=0.0§l8¢s only a small effect on the electronic
structure of magnetite below the Verwey transitione can accept that the estimations of main
contributions to relaxation mechanisms performed dore magnetite in [Mizo66] could be
applied in outline to this substituted sample too.

The relaxation mechanisms 8fFe which has the nuclear spin 1=1/2 can be solely
attributed to the fluctuations of the local magodtelds. The behaviour of the temperature
dependences of;and T, relaxations in pure magnetite [Mizo66] was in o#tlexplained semi-
quantitatively by the effect of the electron migpatin B sites. There were pointed out two
possible relaxation mechanisms for the nuclear spirtetrahedral A site due to the electron
migration in B sites. The first mechanism arise®uigh the dipolar interaction of the nuclear
spin with the migrating electrons, and the secoedhanism - through the hyperfine interaction
of the A ion modulated via the A-B exchange coupli@®n this basis, the minima in temperature
behavior of T and T relaxations of‘Fe in tetrahedral (A) positions for pure magnetigdow
the Verwey transition were explained.

It was estimated in [Mizo66] that the relaxatioreahanism through the dipolar
interaction is more significant at T<80K, while tredaxation through the hyperfine interaction
modulated via A-B-exchange was estimated to befgignt at T>80K and is not negligible in
this temperature region compared with that fromdipelar interaction.

The relaxation of the nuclear spin on B site waggested to be arisen mainly from the
direct fluctuation of the hyperfine field caused thg own electronic spins (due to the electron
migration).

The magnon contribution to the relaxation mechanigas found to be insignificant in
temperature range about 77-300 K compared to #atreh migration. However, below 20K the
low frequency excitations due to the mixing of mag® and phonons contributions were
mentioned to become important for the nuclear aglar processes [Mizo66].

The introduction of Al substitution into magnetgablattice can lead to different effects
on relaxation times and their temperature behaviblowever, finding out the quantitative
contributions of those effects is still unfeasiblevertheless, one can point out some reasons of
possible effects on the magnetite relaxation tinmeder Al substitution. The low temperature
structure of magnetite below the Verwey transititn monoclinic. Considerable lattice
deformations are expected to arise upon contindetbping into B sublattice, since the radii of
participating ions differ noticeably: r(F8=0.77A, r(F€")=0.645A, r(Af")=0.535A [Shan76].
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As a possible consequence of a local stress reduaticompanied by a redistribution of energy
affecting the nuclear spin system, additional ¢ffexm relaxation times of substituted magnetite
are expected. From the point of view of the lattioebility, which is important at low
temperatures, the introduction of Al impurity coldd to the increase of a phonon frequency,
and as a consequence to a possible influence avenage lifetime of nuclei in the higher
energy states, i.e. to additional influence qnr@laxation times with increasing Al content at
liquid helium temperature.

Concerning the influence of defects on the reiaraprocesses and their temperature
dependences, it is interesting to mention the coatpa results of numerous studies of pure
magnetite by the Magnetic After-Effect (MAE) spesitopy [Walz02] presented in the next
Fig.4.2.15. The comparison of MAE results with thsults of other experimental methods went
Walz and coworkers to make following conclusionstioe temperature dependence of electron

transport mechanisms in pure magnetite.
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Figure 4.2.15. Low-temperature MAE spectrum of eerf(BRA-type) single-crystalline magnetite, as

reported in [Walz02]. The isochronal relaxation tbe initial reluctivity, r(t), was

measured—beginning &t = 1s after sample demagnetization—over the tit2es 2
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s(1), 4 s(2), 8 s(3), 16 s(4), 32 s(5), 64 s(6), 128,180 s(8) and plotted in the form
Arlr(tl) = [r(t2) - r(tD)]/r(t1) [Walz02]; the initial permeability0, like p(t), depends on

the susceptibilityy(t), and the reluctivityr(t) via: p- 1 L y = 1/r (SI-system). The inset

shows the energy distributions of participatingogsses—as determined from numerical

fitting (continuous curves) of the experimentaladgtymbols).

The spectrum of pure magnetite is composed of thaees [Walz02]:

(1) a low-temperature plateau, already activatelbwel= 4.2 K and culminating into a

pronounced relaxation peak near 30 K; (2) a secsimdijar plateau-like relaxation extending
between 50 K< T < Ty (=125 K), being separated from the former one by (3) aindist
relaxation-free gap located between 35 K < 50 K. Of these processes, the two plateaus have
been associated with different mechanisms of eladiansfer, i.e. (1a) interatomiocoherent
electron tunneling (T < 25 K), (1b) intra-atomieetronexcitation within the crystal-field split
levels (30 K); (2) thermally activated small-polarbopping (50 K < T< 125 K); (3) the gap
between the two relaxation plateaus marks a teriyerapan within which thermal activation,
on the one hand, is intense enough to equilibrage lbw-temperature processes prior to
minimum observation time of MAR K 1 s) but, on the other hand, is still too weaknitiate
the second, higher-temperature plateau processther words, the occurrence of a relaxation
gap between 35 and 50 K was explained as a refsalsoppression of band motion due to the
destruction of the periodic lattice potential bertimal phonons [Walz82]. It is also known from
numerous experiments on differently impurity-chargmagnetite poly- and single crystals
([Walz03] and cited references within), that thecélonic tunneling processes, which are
expected to be significant at 4K < T < 35 K dudaionation by small polarons of narrow bands
of temperature-dependent width [Walz02], are stipaffected by the smallest deviations from
stoichiometry, and at doping rates afOx05 are nearly completely suppressed. Correspgndin
observations have been made after doping with,Ban?*, Ni**, Co**, Mg**, zr?*, G&*, Ti*',
and in the presence of B-site (octahedral) vacanffeon74], [Walz82], as described and
referred to in [Walz03]. The suppression of thetn tunneling in Al-substituted magnetite at
temperatures below 35 K would lead to the incredsan average lifetime of nuclei in higher
energy states and in fact to the increase;aklxation times on both A and B sites below 35K

with respect to the pure magnetite relaxationss Eituation could be a possible explanation of
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somewhat higher values and the corresponding teatnper behaviour of our relaxation data
presented in figures 4.2.11 and 4.2.12 below 35K.

In contrast to the electronic tunneling procesgasgable-range electron hopping — which
is believed to occur typically in the temperatungeival 50K < T < 125 K in pure magnetite
[Walz02] — proves to be more resistant againstowaritypes of lattice perturbations [Walz03],
thus remaining observable up to somewhat highemdogates. For Al substituted magnetite,
that would mean smaller differences in relaxatiitt those of the pure magnetite above 80K.
Considering our data, it could especially workTerand T relaxations of al+a2 line above 80K
(Fig.4.2.11 and 4.2.13). The corresponding datd;adnd T, relaxations of B-sited nuclei (Fig.
4.2.12 and 4.2.14) also show undoubtedly closaute magnetite values at temperatures above
80K, changing somewhat in the vicinity of the Veytgansition which occurs for this sample at
T<120K.

The values of the minima of; and T, relaxations in pure magnetite were estimated in
[Mizo66] in satisfactorily agreement with the exipgent, assuming the presence of 2% disorder
in the B sites at 80K (for the explanation of felaxation minimum), and correspondingly
assuming the presence of 0.1% disorder in the & st 40K (for the explanation of, T
relaxation minimum) for al+a2 line. The mentionésbdders were intended to be caused by the
electron migration in B sites. In this outline, adata showing much deeper minima of T
relaxations would assume larger disorder in theit®s swithin 30-80K. It would assume the
intensification of adiabatic as well as non-adiabeglaxation processes (see chapter 2.5) in this

temperature region.

4.2.3.°'Fe NMR of AI** substituted magnetite above the Verwey transition.

As was mentioned, above, The crystal structure of magnetite is cubic, cltsehis
temperature, the easy direction of magnetizatiof®@d], which changes to [111] at the spin-
reorientation transition. In pure & this transition occurs atsk=130 K. For M][001] all Fe
ions on octahedral (B) sites are magnetically esai, giving rise to a single Fe (B) NMR line.
Above Tsgthere are two magnetically inequivalent B sites:dites B1, the axis of local trigonal
distortion is parallel to the magnetization, whifer sites B2, trigonal distortion and

magnetization point along different body diagonadlsere are thus two Fe (B) NMR lines with
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the intensity ratio B1:B2=1:3. All tetrahedral (A)jtes are magnetically equivalent both for
M[[001] and MI[111], hence a single A line exists in the NMR gpawn for all temperatures

above T,.

The modification of the electronic structure ofgnatite by Al substitution above the
Verwey transition was studied on threg JA&d O, (x = 0; 0.005, 0.03) single crystals. They
were investigated in the temperature range=dfZD-340 K. The measurements were carried out
at zero external magnetic field. The high RF powas used in order to excite the signal from

the nuclei in domains only.

4.2.3.1°'Fe NMR spectra of AP* substituted magnetite
above the Verwey transition.

In fig.4.2.15°’"Fe NMR spectra for three studied compounds, takésnaperatures close
to 240K (well above the Verwey transition) are thypd.

In the present case, only for Fe (A) ions with Ah (B) nearest neighbor, the
modification of By is strong enough to yield the resolved satellited. As an example, in the
spectra of x= 0.005 and x= 0.03 compounds thelgatihes are clearly seen, their amplitudes
increase with the nominal concentration of Al. Syatry analysis of this situation shows that
the A line has two satellites with an amplitudeadt:2 for M1[001] (Ty < T < Tsg), While for
MUO[111] (T > Tsg) three satellite lines exist in the ratio 1:1:8¢gable 4.2.1).

As in the case of NMR spectra of Al substitutedgnetite below the Verwey transition,
Al doping leads to broadening of main (and sa®llines. The difference of the spectra of x=
0.005 crystal and the pure magnetite is smallcatthg that Al doping at low concentration has
only a small effect on the electronic structurenaignetite. Eventual larger differences, which
might exist close to J, are obscured by the presence of the spin-reatienttransition, what
can be seen in fig.4.2.16 for x=0.005 compounds€lm this transition g=128K), the lines
are additionally broadened and considerable infaomais lost, in particular, the satellites
caused by Al are no longer resolved. However, fog x=0.005 compound, the satellites

reappear belowgk.
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Figure 4.2.15°"Fe NMR spectra of RO, (T = 250.4 K), FggosAl 00004 (T j= 240 K) and FgyAl o0,
(T = 240.3 K) single crystals.

In agreement with the symmetry analysis, two Bteslbelow &g and three satellites

above Erto the left of A line are clearly resolved.
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Figure 4.2.16.°’NMR spectra of Al substituted magnetite with x=GP0measured at different
temperatures above the Verwey transition with djpeeitention to the region of the
spin-reorientation transitionsg=128K. Black curves display octahedral (B) lineg] re
curves — tetrahedral (A) lines, green curves disptagnified tetrahedral lines and
satellites.

These results have been published [Gama02].
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4.2.3.2. Temperature behavior of resonance frequeias of main and satellite

lines above the Verwey transition.

The temperature dependences of NMR frequenciethefmain and corresponding
satellite lines of tetrahedral £dons for pure and substituted samples are showig.in.2.17.
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Figure 4.2.17. Temperature dependence of the raserfeequencies of the main line and satellitesine
of tetrahedral F& ions for Fg,Al,O, with x=0; 0.005 and 0.03 above the Verwey

transition. The line with the highest frequencyresponds to Fe (A) with only Fe-nearest
neighbors on the B sublattice. Remaining linessatellites (one Fe substituted by Al).
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The decrease of the resonance frequencies of thiétedines with increasing T is slightly

faster compared to the corresponding main lines hexpected, as for the Fe (A) with a nearest
Al neighbor, one of the Fe (A)—oxygen—Fe (B) sugelh@ange interactions is missing (there are
12 such interactions in an ideal environment).

The next figure 4.2.18 presents temperature depered of NMR frequencies for
octahedral B lines above the Verwey transition.i¢he case of tetrahedral lines, one can see
no difference in temperature dependencies of thguincies of octahedral lines for pure and
substituted samples, i.e. aluminum content up @0& does not affect the temperature behavior
of NMR frequencies of the main lines of magnetite.
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Figure 4.2.18. Temperature dependence of the raserfeequencies of the main lines of octahedral (B)

iron ions for Fe,Al,O,with x=0; 0.005 and 0.03 above the Verwey transitio

As a result of unchanged temperature dependenddBf frequencies of Band B lines, the
temperature behavior of the splittingf the lines is not affected by the aluminum sitilosdns

too. Under the splitting one understands a difference in the frequencietheflines, as is
shown in the figure 4.2.19 on the spectrum of poagnetite.
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Figure 4.2.19. NMR spectrum of pure magnetite @820K. The splittingd is shown as a difference of
the frequencies of the B-lines maxima.

In the next figure 4.2.20 the temperature deperglenthe splitting between Band B

lines above the Verwey transition for pure and stilied samples is presented.
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Figure 4.2.20. Temperature dependence of theisglidt of pure and substituted magnetite above the

Verwey transition
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The splittingd between B-lines reflects the anisotropy of thednfipe field, which depends on
the angle between magnetization and the localriabaxis. The splitting first increases with
increasing temperature, attains its maximum at &b8dK and then monotonically decreases.

The values of hyperfine fields calculated from giesent measurements at T=240K for
A and B main lines and for satellite lines argi(B,)=46.22T, B(B,)=46.98T, B(A)=49.68T,
Bh(S1)=49.00T, Bi(s)=49.25T, Bi(s:)=49.49T. The temperature was chosen at whicthadket
satellites are well resolved in spectra (see fig.16). The hyperfine fields deduced from the
measurements are in agreement with those obtaipeldelGrave et al. [DeGra93] from the
results of Mossbauer experiments.

The results on temperature behaviour of the resmn&equencies of the main line and
satellite lines of tetrahedral dons for Fg.,Al,O,with x=0; 0.005 and 0.03 above the Verwey
transition have been published [Gama02].

4.2.3.3. Temperature dependence of linewidths ofgenance lines above the

Verwey transition. Dependence on Al content.

Temperature dependences of the halfwidtlid A and B resonance lines taken at a half
of their amplitudes are displayed in fig. 4.2.20 fare and substituted samples.

In a broad interval of temperatures, th€l) dependence is flat. The linewidths for
x=0.005 are slightly larger compared to x=0. TimeWwidths of x=0.03 crystal are considerably
larger compared with x=0 and x=0.005 crystals. Mueg, they are much stronger temperature-
dependent at temperatures above the spin-reoi@mtatinsition and their values cannot be
explained by the anisotropy of the hyperfine figddpvided that the anisotropy is similar as in
compounds with lower content of Al. The most likedgenario is that with lowering of the
temperature, the electron density in x=0.03 comgdoo@comes inhomogeneous, leading to a
broader distribution of the hyperfine fields
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Figure 4.2.21. FgAl,O,. Temperature dependences of the widtltd the resonance lines taken at a half
of their amplitudes for RgAl,O,4 with x=0; 0.005 and 0.03. Triangles and circlesBasites
correspond to temperatures below and above therspifentation transition, respectively.
Dotted symbols correspond to the Al concentratief.®3; full symbols to x=0.005 and

open symbols to x=0.

These results have been published [Gama02].

4.2.4. NMR of*’Fe, ®®Ga and "!Ga in Ga substitutedmagnetite.

The influence of Ga substitution is very intenegtwith regard to its trivalent state. It
was surprising that substitution of Ga lowersriuch weaker than trivalent Al substitution, for
example. This fact was explained by the assumptiahAF* ions occupy preferentially B sites
while G&" ions enter preferentially A-sites (paragraph 3far3letails).

The aim of this paragraph is to present NMR resolitained in the Ga substituted
magnetite.

The single crystal BeGaO,4, Xx=0.05 used in the present study has been prfyra

floating zone technique. NMR spectra have been anedsby the spin-echo method using the
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phase-coherent spectrometer with an averaging icpodrand the Fourier transformation. The
measurement have been performed at zero exterrgaiana field and temperature = 4.2K,
77K and 273K. Attention has been paid to adjustnoérihe radiofrequency power in order to
excite the signal of the nuclei within the magnetmmains only. In the whole temperature
region the signal-to-noise ratio has been signitigaimproved by using the Carr-Purcell pulse
sequence.

The NMR spectrum measured in our gallium substitigample at 273 K, well
above the Verwey temperature, is shown in Fig.2.2&mparing with the spectra of the pure
sample [Nova00] one can unambiguously resolve’ie NMR lines of A-, B-, and B-sites.
For additional two lines at 70.78 MHz and 55.74 Mbte can calculate the frequency ratig/ f
fss 01.27. This value exactly corresponds to the rattipfactors of both Ga isotopeSy / *%y O
1.27. In addition, taking into account that theaaif the line amplitudes agrees with the ratio of
natural isotopic abundance of both isotopes, wee lessigned those lines tGa and**Gain
tetrahedral A sites. The weak broadening of batledicould be explained by a quadrupolar
interaction caused by the local failure of the cubymmetry of A-sites induced by the Ga
substitution. The small satellite &t 62.1 MHz corresponds to the iron resonance;isitg in
the nearest vicinity of which one A-sited iron waplaced by Ga. This interpretation is similar
to the spectra interpretation used in gallium stldsd YIG [Step98]. Since no other lines of
comparable intensities were found, we can concltlig in our sample Ga ions are
predominantly located atsites. Additional detailed measurements in theiticof A main line
with high data accumulation revealed very weak |&&tepattern corresponding to the small
amount of Ga ions ib sites. The concentration of Ga ions entering 8sditas been estimated to
be less than 0.006 [Chlan].

The®’'Fe NMR spectra measured in Ga substituted samfibevhibe Verwey transition
at 77 K and 4.2 K are shown in the Fig.4.2.23. Bsgihctra are very similar to those measured
in the pure magnetite [NovaOOICF]. Slightly lowessolution is due to the general line
broadening caused by the small Ga substitution.shifés of the resonant lines connected with
the temperature change agree with the temperaependence of resonant lines of the pure

magnetite sample [NovaOOICF].
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Figure 4.2.22. Th&Ga, "Ga and’Fe NMR spectra of the single crystak83a0,, x=0.05 measured at
273 K.

NMR spectra of Ga measured at 77K and 4.2K aosvshn the Fig.4.2.24. The line
structures in the middle part of the spectra (68vFk) and at the lower frequency side (49-51
MHz) are created by signals of both Ga and Fe ngotenpare with Fig.4.2.23.). The spectra
displayed in Figure 4.2.24 have been measured theerwhole region with the rf power

optimised for the Ga domain signal excitation. Tiiipower was considerably lower than the
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power needed for thd’Fe domain signal excitation used for obtaining gpeshown in
Fig.4.2.23.
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Figure 4.2.23The*’Fe NMR spectra of the single crystakk®a0,, x=0.05 measured at 4.2K and 77K.

As a result, the domain wall signal of iron coble admixed in the above mentioned

spectral regions in Fig.4.2.24 with no possibitifyits detailed interpretation.
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Figure 4.2.24The ®Ga, "Ga NMR spectra of the single crystalF8a0,, x=0.05 measured at 4.2K
and 77 K.

Remaining lines in the Fig.4.2.24 have been maslyliinduced by Ga nuclei. One can easily
identify two groups of those lines (see Fig.4.2.2dnnected by the ratio gffactors of two Ga
isotopes. The pattern constituted by these line®ng similar to that of iron lines from A-sites
in Fig.4.2.23. So it seems that the structure efGla spectrum is, similarly to the iron spectrum,
created by the differences of the local A-sites@urdings below the Verwey temperature. The

quadrupolar interaction contributes to line widbimsy.

These results have been published [KohoO5].
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4.2.5. Conclusions on studied magnetites.

The study of the influence of substitutions infelént crystallographic positions on the
hyperfine field in magnetite was carried out onafAd Ga substituted magnetites. The difference
in the influence of the substitutions on the Verwemnperature of magnetite was previously
explained by the assumption thatAlons occupy preferentially B crystallographic piosis
(octahedral sites) of magnetite while %éons occupy preferentially A positions (tetrahédra
sites) [Brab98]. The series of Al substituted maig@esamples FgAIO4 with Al contents
x=0.005, 0.01, 0.02 and 0.03 were measured belaWadove the Verwey transition in the
temperature range 42T < 340 K. Single crystal of Ga substituted magndtie,GaO,4 with
gallium content x=0.05 has been measured at temypesad.2, 77 and 273 K. The results of the
study can be summarized as follows:

The measurements of aluminum substituted magn€ateAlO, with Al contents
x=0.005, 0.01, 0.02 and 0.03 below the Verwey itamsin the temperature region 4.2K<Ty

revealed the following results:

1. Al content up to x=0.03 does not affect positiofighe resonance lines (both A and B
types) of magnetite at T=4.2K and their temperatlependences below the Verwey
transition temperature,T

2. In the whole temperature interval studied, theeddhces of the spectra of x=0.005
crystal and the pure magnetite were found to bellsmadicating that Al in the low
concentration has only a small effect on the ebeatr structure of magnetite below the

Verwey transition.

3. The resonance lines of substituted samples arelénea at T=4.2K and the broadening
increases with increasing Al content. New weak s8pktines within the broad frequency
range 35-48 MHz have been observed in all Al stiisti spectra at T=4.2K. The lines
broaden with increasing Al content. Their origima cleared out at the moment.
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4. Because of the systematic and significant line deo&ng and the superimposed A and B
spectra, the satellites of A lines caused by Akdef in the nearest B positions are not

resolved up to x=0.03.

5. There was not observed systematic or significaanhgk in the temperature behavior of
linewidths of B lines below the Verwey transitioar fAl content x=0.005. However,
nearest neighbor B lines have the similar tempegabehavior of their linewidths. The

line al+a2 does not change its linewidth at J<«§ for the case of pure magnetite.

6. Concerning NMR relaxations in Al substituted mageetthe effect of increasing Al
content revealed itself the most in lowering byoader of magnitude of the spin-lattice
relaxation times Tat T=4.2K as for A and for B lines. The spin-spafaxation times T
for the smallest concentration of impurity (x=0.pGe more than twice lower than
those for the pure sample, while the spin-lattiexation times T are about twice

increased as for A and for B lines compared withghre sample data.

7. A noticeable difference was observed in the tentpezabehavior of T and T
relaxations of the substituted sample with x=0.@@ow the Verwey transition with
respect to the pure magnetita. r€laxations of substituted sample at T<20K wenedw
longer than ones of pure magnetite, whiler&laxations were found to be faster than
those of the pure magnetite within the same tentperaegion. As Tand T, relaxations
of the substituted sample withi80-80K were observed to be much faster than thbse o
the pure sample. Minimum of,Trelaxations of A positioned iron ions is at lebgt3
orders of magnitude lower than for the pure samplele the minimum of T relaxation
of the same ions is twice lower than for the purggnetite. Concerning B-positioned
iron ions, their both Tand T relaxations are at least by an order of magnifadeer
than ones of the pure magnetite. In the temperaag®n from=80K up to T, both T,
and T, relaxations of A-line did not change noticeablyile for B lines both Tand T
relaxation times somewhat change their temperdiat@vior compared with the pure

sample The estimations of main contributions to relaxatimechanisms performed
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earlier for pure magnetite could be applied to ghbstituted sample with x=0.005 too,
because our measurements have revealed that theen&kentration has only a small
effect on the electronic structure of magnetiteobelhe Verwey transition. The possible
reasons of main differences in temperature behawduelaxations of pure and Al

substituted samples were pointed out comparingepted data with other experimental

results and estimations.

8. The Verwey temperatures of substituted samples vedigerved to decrease with
increasing Al content in agreement with recent repo

The measurements of aluminum substituted magnétgAl O, with Al contents
x=0.005 and 0.03 above the Verwey transition intdmperature regionyET<340K revealed

the following results:

1. Satellite lines of Fe(A) resonance line caused bbydéfect in one of the nearest B
positions were observed in NMR spectra of substitusamples as below the spin-

reorientation transition as above the one up~83DK.

2. In the whole interval of temperatures studied, difterences of the spectra of x=0.005
crystal and the pure magnetite were observed tentad|, indicating that Al in the low
concentration has only a small effect on the ebmitr structure of magnetite above the

Verwey transition.

3. Al content up to x=0.03 did not affect the posisand the temperature behavior of both

A- and B-type lines above the Verwey transitionta=340K.

4. The temperature behavior of satellite lines witi@ mentioned temperature interval was
found to be slightly faster compared to the comesing main line. This was explained
in terms of one missing Fe(A)-O-Fe(B) superexchantggraction caused by the nearest
neighbor Al defect in B position.
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5. The resonance lines of substituted samples aredénea compared to the pure
magnetite above the Verwey transition and the l#pad) increases with increasing Al

content.

6. Close to the spin reorientation transition the dirsge additionally broadened and as a
consequence the satellites caused by Al are netomgolved. However, for x=0.005

compound the satellites reappear belay T

7. In a broad temperature interval above the Verwagsition the temperature dependence
of linewidths is flat. The linewidths of crystal thi aluminum content x=0.03 are
considerably larger and have much stronger temyperalependence, than linewidths of
sample with x=0.005 at temperatures far above ghe-reorientation transition. Their
values cannot be explained by the anisotropy of Hipgerfine field, providing this
anisotropy is similar as in compounds with lowentemt of Al. The most likely scenario
is that with lowering of the temperature the electdensity in x=0.03 compounds

becomes inhomogeneous, leading to a broader distibof the hyperfine fields.

The measurements of gallium substituted magnetieGa0, with Ga content x=0.05
at temperatures 4.2, 77 and 273 K revealed theviollg results:

1. NMR spectrum of gallium substituted magnetite abdhe Verwey temperature
(Tv~117K) has indicated the preferential presence afsG@bstitution in tetrahedral A
sites. The concentration of Ga ions entering Bsdites been estimated to be less than
0.006 (paragraph 4.2.4). These results togethdr thibse obtained for Al substituted
magnetite support the assumption of the strondectedf Al substitution on the Verwey
transition because Al ions preferentially occupy octahedré sites while Ga

substitution prefers tetrahedeasites.

2. The®’Fe NMR spectra of Ga substituted sample below gy transition at 77 K and
4.2 K have been measured. The shifts of the resohmams connected with the
temperature difference agree with the temperatepeidence of resonant lines of the

pure magnetite sample.
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3. NMR spectra of Ga have been measured below the &fetemperature at 77K and
4.2K. The spectra have been obtained over the wiglen with the rf power optimized
for the Ga domain signal excitation. Well-resolvsucture of Ga lines has been
identified and assigned to both Ga isotop&&4 and'Ga). To the best of our
knowledge, the magnetite spectra of both Ga isstopave not been measured

previously. Weak quadrupolar interaction contrigutethe line broadening only.
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5. Summary

The present thesis is devoted to the studyingypétfine interactions in magnetic iron
oxides, namely YIG and magnetite, by means of NarcMagnetic Resonance method. The
subject of the thesis is to find out and intergreésponse induced by nonmagnetic substitutions
(AI*, In*, L&, c&*, Bi**, G&") in NMR spectra and relaxations and to contribtde
explanation of the influence of the substitutiomsaochange of the hyperfine parameters of the
systems. The studied substitutions were chosemtier elifferent cationic sublattices of the
systems. In particular, in YIG system: *Alsubstitutions occupy tetrahedral) (sites, If*
substitutions enter octahedra) Gites, and L, C&* and Bf* substitutions enter dodecahedral
(c) sites. In magnetite system:*Akubstitutions enter octahedrb) 6ites, and G4 substitutions
preferentially enter tetrahedrad)(sites, while some small amount of {goes into octahedral
(b) sites.

The presence of nonmagnetic substitutions in @&sygiives rise to a satellite structure in

NMR spectra. The origin of the satellite lines lieghe fact that a nonmagnetic substitution in
the vicinity of the resonatiny/Fe nucleus alters its NMR frequency through thengkaof the
hyperfine field, because when*-éon is substituted by the nonmagnetic one, sevegdl** -
O* - Fe"?* superexchange interactions become broken, regiittithe change of the magnetic
moment value in the vicinity of the substitutiorhelconcentrations of the substitutions in the
systems studied were defined from the ratios of ldntdes of satellites and corresponding
parent lines.

In the case of YIG system, 1) an effect of Al githon on *>’Fe hyperfine field
anisotropy has been systematically studied by mean§MR measurements in an external
magnetic field. Analysis of the data yielded thamipes of hyperfine parameters induced by Al
(paragraph 4.1.1) and enabled to compare the mfkgeof changes in ionic radii and valencies
(Table 4.1.1). 2) Effects of trivalent cation sttostons (AF*(d), In**(a),La**(c) on nuclear
magnetic relaxations of'Fe nuclei have been studied by measurements in eeernal
magnetic fields. Decrease of spin-lattice and spim (except for the higher In content)
relaxation rates with increasing concentrationsuifstituents has been found (paragraph 4.1.2).
3) Effect of C4'(c) substitution ort’Fe NMR spectra and relaxations has been studiedr Af
initial constant region, a decrease of a spindattielaxation rate has been observed with

increasing Ca content. The onset of the relaxatte decrease is supposed to correspond to an
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induced decrease of an amount of ‘Fens, while charge compensation is supposed to be
reached by other mechanisms for lower calcium cdstéparagraph 4.1.3). 4) Hyperfine
interaction at iron nuclei in a bismuth-yttrium riragarnet system BYs; FeOi12 has been
studied. In addition, for the first time the spactif completely substituted bismuth iron garnet
(BIG) have been obtained. It was expected accorttirthe X-ray diffraction experiments, that
the replacement of % (c) by Bi** would lead to a shortening of Fe-O distances i@ th
tetrahedrons while in octahedrons they would lemgthn this respect the comparison of iron
hyperfine fields in BIG and YIG was interesting @nthe higher covalence related to shorter
interatomic distances is believed to lower resofi@gfuencies. The found spectral shifts of BIG
with respect to YIG revealed, however, just the agife tendency, indicating a substantial
impact of the bismuth electron structure on elettmansfer in Fe-O-cation triads (paragraph
4.1.4).

In the case of magnetite system, 1) Symmetry denation of’'Fe NMR for substituted
magnetite has been performed (paragraph 4.2.19pé&gtra of Al substituted magnetite below,
around and above the Verwey transition have beatiest. Below the Verwey temperature, the
broadening of the main lines with increasing Al o has been detected, their temperature
dependencies have been obtained. The decrease Wetlwey temperature with increasing Al
content was found to be in agreement with eleatdoductivity measurements (paragraphs
4.2.2.1-4.2.2.4) It has been also found that theudistitution significantly affects the relaxation
times of resonating iron nuclei. The possible reasaf differences in temperature behaviour of
relaxation times of pure and substituted magnétee been pointed out comparing presented
data with results of other experimental methods estinations (paragraph 4.2.2.5) Above the
Verwey transition, temperature dependences of namd satellite lines of Al substituted
magnetite have been systematically studied as agetheir behaviour in the vicinity of spin-
reorientation transition (paragraphs 4.2.3.1-42).3Ftudying of temperature dependences of
linewidths of main resonance lines revealed thathigher Al contents their values cannot be
explained by the anisotropy of the hyperfine fiedd. the most likely scenario it was suggested
that the electron density becomes inhomogeneotis-as, (paragraph 4.2.3.3). 3) The studying
of Ga substituted magnetite below and above thew®ertransition temperature (¥ has
revealed a well-resolved structure of Ga linesigassl to°°Ga and’*Ga isotopes. The Ga lines
found as well as’Fe spectra indicate a preference of Ga substitdtipthe tetrahedraa sites

(paragraph 4.2.4). These results on Al and Ga sutest magnetites support the assumption of
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stronger effect of Al substitution on the Verwewrtsition because of the preference of Al
substitution for octahedralsites in contrast to Ga substitution.

The results obtained in this thesis present asethof information on the behavior of a
ferrimagnetic system containing nonmagnetic suligtits. The data collected can be used in

future investigations of electronic structure ardhange interactions in magnetic oxides.
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