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Chapter 1

Introduction

Magnetite (Fe3Oy), one of the first discovered magnetic materials, exhibits many
interesting physical properties. The most characteristic feature of this compound
is a structural phase transition of the first order at ~ 120 K, which is known as
the Verwey transition. During this transition, changes of other physical proper-
ties of this substance occur, e.g. specific heat anomaly and an abrupt change of
electrical conductivity. Despite the longstanding research of magnetite, its elec-
tronic structure and the principle of the Verwey transition are still not completely
resolved. A broad range of applications of magnetite-derived ferrites, especially in
electrotechnics and electronics, and a recent utilization of these materials in other
fields, e.g. in biomedical applications, represent another cogent argument for both
fundamental and applied physical research of magnetite.

Physical properties, especially the electronic structure and the Verwey transi-
tion, are influenced by the presence of substitution or vacancies in a sample. Thus
a systematical study of substituted and non-stoichiometric magnetite can bring
new information important for our understanding of the physical properties and
processes related to this compound. Nuclear magnetic resonance is particularly
suitable for microstructure investigation of magnetite as the resonating °"Fe nu-
clei serve as a local hyperfine field probe. Moreover, the NMR method provides
the highest resolution of all hyperfine methods, which makes it possible to ob-
serve even fine structures in spectra. The contribution of NMR in the magnetite
research can be documented for example by articles [1] and [2], which propose
the charge density wave model of charge ordering in magnetite below the Verwey
transition based on NMR experiments.

Existing works employing NMR on substituted magnetite focused mainly on
substitution of aluminium ions Al3* [3], [4] and gallium ions Ga®* [5]. NMR spec-
trum of magnetite substituted by titanium ions Ti** at 273 K was published only
in [6], spectra and relaxation times of zinc substituted magnetite at 4.2 K, 198 K
and 273 K were measured in [7]. This work aims to measure temperature depen-
dence of NMR spectra above the Verwey transition of titanium and zinc substi-
tuted magnetite samples. Results of performed experiments are analyzed and com-
pared to data for magnetite with other substitutions and for non-stoichiometric
magnetite in order to obtain information about the impact of substitutions on the
NMR spectra and on the magnetic and electronic structure of magnetite.



Chapter 2
NMR Method

2.1 NMR Principles

2.1.1 Nuclear Magnetic Moment

Vector sum of spin and orbital angular momenta of nucleons is called nuclear

spin ? Absolute value of nuclear spin | 7 | is connected to nuclear spin quantum
number I (0, 1/2, 1, 3/2, ...) by relation

1T |=h/TT11). (2.1)

The z-component is given by nuclear spin magnetic quantum number m (—1,
—I+1,.,1-1,1)

I, = hm. (2.2)
Nuclear magnetic moment is related to nuclear spin and gyromagnetic ratio =y

f=n1, (2.3)
for z-component applies R

f. =1,. (2.4)

2.1.2 Interaction with Magnetic Field

Interaction of the nuclear magnetic moment [ with an external (static) magnetic
field By is described by Hamiltonian

~

Hy=—H- By (2.5)
Let By = (0,0, By) and rewrite the Hamiltonian as

Energy eigenvalues are then determined by the values of magnetic quantum num-
ber m (see (2.2)):
E,, = —yhmB,. (2.7)

The set of 21 + 1 energy eigenvalues forms Zeeman multiplet of equidistant en-
ergy levels corresponding to particular space orientations of the nuclear magnetic
moment.



2.1.3 Effect of RF Field

If we consider the presence of an external radio-frequency (RF) magnetic field
B = (B cosw,t, By sinw,t,0) (w, is angular frequency) in addition to the static
magnetic field Eo = (0,0, By), we can write the Hamiltonian of the interaction of
the nuclear magnetic moment with the magnetic field in the form

where
. . . . By /. . L
H = —i-B = —vB; (Ix cosw,t + I sinwzt) - _% <[—€wzt + [+€—zwzt>
(2.9)

(f —and T are lowering and raising operators).

The RF field can induce transitions between the levels of Zeeman multiplet.
This effect is called the nuclear magnetic resonance (NMR). The probability of
transition between states with quantum numbers m and m’ is in approximation
of perturbation theory (valid for B; << By) proportional to perturbation matrix
element .

P ~ [(m’| Hy |m) . (2.10)
Considering the form of Hamiltonian (2.9) and the properties of ladder operators,
we notice that only transitions between neighbouring levels are allowed, i.e. m’ =
m=+1.

The transition between neighbouring levels of Zeeman multiplet is accompanied
by emission or absorption of energy quantum |AE| = vhB, (see (2.7)). This energy
quantum can be written as AFE = hwy and thus we obtain the resonance condition
3]

Wy = ’)/Bo, (211)

where wy is called Larmor frequency.

2.1.4 Nuclear Magnetization

-
Macroscopic nuclear magnetization )/ can be understood as a sum of magnetic
—

moments H; of nuclei in volume V'

=

M=y (2.12)

=1

<

where N is the number of nuclei in the specified volume.

Assuming the thermal equilibrium with lattice at temperature T', the occupa-
tion probability p,, for level E,, of Zeeman multiplet corresponding to magnetic
quantum number m is determined by Boltzmann distribution

D = —, (2.13)




where kg is the Boltzmann constant. The equilibrium nuclear magnetization ]\} 0=

(0,0, My) in external magnetic field Eo = (0,0, By) can be obtained by employing
relations (2.4) and (2.2):

I I _Em
vh Nyh Y po—yme *57  Nyh IyhBy
M, = - = = IB , (2.14
0 Z“ v mz__lmp Vi e VT kT (2.14)

where By () stands for Brillouin function. For ]ZZ?O << 1 we get the equation

N~2h2 (I +1) By
V. 3kgT

My = (2.15)

corresponding to Curie’s law.

2.1.5 Bloch equations

Now we consider a condensed matter placed in an external magnetic field 23:
Bo + B (t), where By << By, Bo = (0,0, By), B1 = (B cosw,t, By sinw,t,0) and

w, is the frequency of the RF field. The motion of nuclear magnetization A is
phenomenologically described by Bloch equations:

dAM, N M,

_ _ Y 2.16

dt 7(M % B>z T, (2.16)
dM, ~ M,

_ _ 2.1
dt 7<M % B)y T, (2.17)
M, N M. — M,
_ _ M=~ Mo 2.18
dt (M % B>Z T, (2.18)

where T7 is called spin-lattice (longitudinal) relaxation time, 75 is spin-spin (trans-
verse) relaxation time and Mo = (0,0, My) is equilibrium magnetization in the field

Bo.

The first term at the right side of Bloch equations describes how the
nuclear magnetization is influenced by torsional moment of the external field. In
the absence of an RF field (i.e. B; = 0), nuclear magnetization exercises Larmor

precession around the direction of the static field éo at Larmor frequency

wo = — Bo. (2.19)

When the RF field is present, we should take advantage of the transformation of
equations (2.16), (2.17) and (2.18) into the system of coordinates rotating with

the RF field, which replaces the time-dependent field E in the expressions by a
time-independent effective field

Bes = <Bl707 By + %) : (2.20)

In the rotatlng system of coordinates, nuclear magnetization precedes around the
effective field Bef at a frequency Wy = — Bef

9



Now we consider the RF field in the form of a single pulse of length 7. We

start at B; = 0 and M Hj__éo, then we apply the RF pulse and at the end of the
pulse the nuclear magnetization is tilted at an angle (referenced to z-axis)

0 = vyByT. (2.21)

This principle can be used to adjust the precession angle.

The second term at the right side of Bloch equations describes how
the nuclear magnetization returns to equilibrium. The last term at the right side
of equation (2.18) corresponds to the interaction of nuclear spins and lattice. The
rate of energy transfer from spin system to lattice after tilting nuclear magneti-
zation from equilibrium is characterized by spin-lattice relaxation time 7;. The
second terms at the right side of equations (2.16) and (2.17) describe the decay
of transverse components of nuclear magnetization caused by fluctuations of Lar-
mor precession frequencies of particular nuclear magnetic moments. In the ideal

case of an absolutely homogenous field By, the decay is characterized by spin-spin
relaxation time 75. In reality, however, Larmor frequencies of individual nuclear
magnetic moments differ due to local inhomogeneities of the field Eo, which re-
sults in faster decay characterized by time 7 because of out-of-phase motion of
individual moments.

2.2 Pulse Sequences

Today’s NMR experiments are almost exclusively based on pulse methods, i.e.

RF field El (t) is applied in the form of short pulses and the response of nuclear
magnetization is detected in the time after or between pulses. The length of pulses
is assumed to be far shorter than spin-lattice and spin-spin relaxation times. This
chapter contains short characteristics of two basic pulse sequences (FID and spin
echo) and CPMG sequence, which was employed in performed experiments.

2.2.1 Free Induction Decay

Pulse sequence for free induction decay measurements consists of a single RF pulse
at Larmor frequency of length corresponding to 7/2 tilt of nuclear magnetization
according to (2.21). Such pulse is called 7/2-pulse. Transverse component of
nuclear magnetization can be detected after the end of the pulse as a free induction

decay signal. In case of an absolutely homogenous field Eg, the amplitude A of
the signal would decay in time ¢ (¢ = 0 set at the start of pulse) as

A(t) ~ exp (—i) . (2.22)

A(t) ~ exp <—Ti> . (2.23)

10
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Figure 2.1: Free induction decay and spin echo sequences

2.2.2 Spin Echo

The sequence for spin echo signal measurement can be obtained by appending the
second RF pulse at Larmor frequency of length corresponding to 7 tilt of nuclear
magnetization (see (2.21)) to the FID sequence. Time interval ¢, between the
7/2-pulse and this m-pulse should be shorter than spin-spin relaxation time T5.
The application of m-pulse flips the transverse component of nuclear magnetization

through 7 angle around the ]331 direction. Thus the local magnetization vectors
get aligned in the time 2¢,, and the transverse component of nuclear magnetization

can be observed as a spin echo signal. Amplitude of spin echo signal follows the
relation (2.22).

2.2.3 CPMG Sequence

Spin echo sequence can be further extended by appending additional w-pulses
while keeping 2t,, time spacing between adjacent w-pulses. In this case, the spin
echo signal can be detected in each time window between 7m-pulses (and of course
also after the last m-pulse), while the amplitudes of these echoes correspond to
relation (2.22). This pulse sequence, which is named Carr-Purcell sequence, is
very sensitive to improperly adjusted w-pulse length and intensity, because any
deviation causes nuclear magnetization to point slightly out of the transverse plane
and these errors cumulate through the sequence. The abovementioned problem
is solved in Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence by introducing
7/2 phase shift of m/2-pulse relative to m-pulses’ phase. As was shown in [9], the
described errors are not cumulative in CPMG sequence.

11
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Figure 2.2: CPMG pulse sequence

2.3 NMR Spectrum

NMR spectrum is a distribution of resonance (Larmor) frequencies of nuclear
magnetic moments in an investigated sample excited by the pulse sequence. In
order to obtain the spectrum, Fourier transform has to be applied to signal in the
time domain acquired during pulse method experiments. Free induction decay or
spin echo signal can be usually transformed directly, whereas in case of the signal
from the CPMG experiment, it is useful to average corresponding data points
from detected echoes in order to obtain waveform similar to the signal of one spin
echo while taking advantage of significantly better signal-to-noise ratio (SNR).
However, the shape of the spectrum can be influenced by frequency dependence
of spin-spin relaxation time 75 if averaged echoes originate from time interval of
length comparable to T5.

2.4 NMR Spectrometer

Pulse NMR spectrometer, a simplified block diagram of which is in figure 2.3, is
used to apply the desired sequence of RF pulses to a sample and to record the
nuclear magnetization response.

A pulse generator is responsible both for the proper length and timing of
excitation pulses and for triggering of signal acquisition. An RF signal at desired
frequency and with appropriate phase is generated by a frequency synthesizer.
A modulator transforms this signal into RF pulses, which are then appropriately
attenuated and led into a (fixed gain) power amplifier in order to achieve requested
pulse intensity. During excitation period, the power amplifier output is connected
to the probe consisting of an LC resonance circuit (sample is placed in the coil)
through the RX/TX switch, while the preamplifier input is isolated. Throughout
the detection period, the power amplifier output is isolated from the probe and
a signal induced in the LC circuit by the motion of transverse component of
nuclear magnetization is connected to the preamplifier input. Amplified NMR
signal is mixed with the second RF signal provided by the frequency synthesizer
at frequency higher (or lower) by intermediate frequency (IF) than the excitation
frequency. The resulting signal is further amplified in an IF amplifier and then
sent into an I/Q detector. In-phase and quadrature signals from the outputs of the

12



detector are digitized by an A /D converter and stored in a memory. An important
feature of this data acquisition is the ability to perform coherent summation of the
signal, i.e. the pulse sequence is repeated many times and the corresponding data
points from all scans are summed in order to improve the signal-to-noise ratio
(SNR is proportional to a square root of number of scans). Acquired data are
transferred into a computer for subsequent processing. This computer serves also
for control of the spectrometer by operator. The purpose of a stable frequency
reference is to ensure that all RF signals are coherent and that clock signals for
relevant logic circuits are synchronous.

control ------- | computer l—H data acquisition |
__________________ A

mmmmmmmmmmmmn £---4 frequency reference :L -===---[""A/D converter |

R S Fe——r—---
! 1

N N
1 e .._____::4_.__|

3
| frequency synthesizer I : I~—| 1I/Q detector |

¥ A
| modulator I—H pulse generator |9— | IF amplifier |
\ A

| attenuator | mixer |

Y A
| power amplifier H-' RX/TX switch H—| preamplifier |

probe

Figure 2.3: Simplified block diagram of pulse NMR spectrometer

2.5 NMR in Magnetics

A major part of a local magnetic field at nuclei in magnetically ordered matter is
represented by hyperfine field originating from electron magnetic moments:

: I .
o _ _ HoMB i i s
Bh——Wz T_l;’,—'—__—t’)_’_?sié <Tz) ) (2'24)

3
T T

-
l
i

I

where 7; are positions (relative to nucleus), [; stand for orbital moments and

s, are spins of particular electrons, o denotes permeability of vacuum and pp is
Bohr magneton. The first term in this equation is the magnetic field coming from
electron orbital moments, other terms describe field corresponding to interaction
between nucleus and electron spins, where the last term belongs to Fermi contact
interaction. Time mean value of hyperfine field in magnetic substances is high even
in a zero external magnetic field, which allows us to perform NMR experiments
in these materials without the need for an external static magnetic field.
Hyperfine field is strongly dependent on crystal, electronic and magnetic struc-
ture of the sample in the vicinity of a nucleus. As a result, splitting of energy
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levels of nuclei in crystallographically or magnetically nonequivalent positions is
different. Also the presence of a defect near a nucleus influences the energy level
splitting. Differences in splitting of both origins can be observed in a measured
NMR spectrum. However, significant differences of hyperfine field strength in
distinct crystallographic positions imply a wide spectral range.

The interaction of an external RF field with nuclear magnetic moments was
described in previous paragraphs, but we also have to mention the interaction of
this field with electron magnetic moments, which produces the oscillating compo-
nent of a hyperfine field. Thus total RF field interacting with nuclear moments
in magnetics is much stronger than an external RF field. Ratio of the total RF
field amplitude B, and the external RF field amplitude B is called enhancement
(amplification) factor
=3
Values of 7 depend on the material and typically fall in the range from 1 to 10
This factor is usually different for nuclei in magnetic domains, where enhancement
is caused by rotation of electron magnetization, than for those in walls, where
enhancement process is based on wall motion.

The coupling between nuclear and electron systems is also responsible for the
amplification of the detected signal.

U (2.25)
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Chapter 3

Structure of Magnetite

3.1 Crystal Structure

Chemical formula for magnetite is Fe3O,. The most typical feature of this com-
pound is the Verwey phase transition at 7y, ~ 120 K. This transition is accompa-
nied by a change of crystal structure, specific heat anomaly and an abrupt change
of electrical conductivity by two orders of magnitude. Detailed review can be
found in [10] and [11].

At a temperature above the Verwey transition, magnetite has a cubic inverse
spinel structure belonging to a space group Fd3m — Of. Elementary cell (lat-
tice parameter a = 8.398 A [12]) contains 32 oxygen ions O arranged in a face
centered cubic lattice. There are 64 tetrahedral and 32 octahedral interstitial posi-
tions between the oxygen ions in this lattice. Ferric ions Fe3* occupy 8 tetrahedral
(A) sites, while iron ions with mixed valency Fe*5* are located at 16 octahedral
(B) sites. Elementary cubic cell can be divided into 8 octants of two types with
different iron ion positions as shown in figure 3.1. (See [13], [14] for details.) The
symmetry of occupied crystallographic positions can be found in table 3.1 [15].

The structure of magnetite below the Verwey transition is monoclinic of space

group Cc. Axes of elementary monoclinic cell Em, Zm a Cm correspond to di-
rections [110], [110] a [001] in cubic lattice above the Verwey transition and the
dimensions of the monoclinic cell expressed using the cubic cell parameter are
V2a x v/2a x 2a. Lattice parameters at temperature 10 K are a,, = 11.868 A,
b, = 11.851 A and ¢,, = 16.752 A [16]. Angle between the monoclinic and an
axes is = 90.2365 (2)° [17].

15



oxygen ions

iron ions in tetrahedral positions

iron ions in octahedral positions

Figure 3.1: Magnetite elementary cell above the Verwey transition

Table 3.1: Occupied crystallographic sites in cubic magnetite structure (origin
at tetrahedral site) [15]

Occupied Wyckoff
Multiplicity Symmetry Coordinates
positions symbol
[IITATH V4 -p, 1/4 - p, 1/4 -
TR 1/4 -, 1/4 +p, 1/4+ y;
O ion sites 32 e 3m ki H # "
L, L, [ /4 +p, 1/4 - p, 14+
I T 1A+, 14+ p, 1/4 -,
Fe** ion
) 16 d 3m 5/8,5/8,5/8; | 5/8,7/8,7/8; | 7/8,5/8,7/8; | 7/8,7/8,5/8;
B sites
Fe’* ion
) 8 a 43m 0,0,0; 1/4,1/4,1/4;
A sites
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3.2 Magnetic Structure

Magnetite is a ferrimagnetic material with paramagnetic transition at a temper-
ature T ~ 860 K. Magnetic moments of iron ions in A sites are anti-parallel to
those of iron ions in B sites [14]. Total magnetic moment has a direction of mo-
ments of iron ions in B positions. The principal interactions responsible for mag-
netic ordering in magnetite are double exchange and superexchange interactions.
Both the experimental data [18] for temperature dependence of magnetizations of
A and B sublattices and the curves calculated [19] using Kubo-Ohata mean field
theory [20] are shown in figure 3.2.

0.5
s |
£
Z
E L
£
-0.5F
,I
- ’,"’D -
_"‘n"
R L2 4
-
E__-_D.D-I----D-.i--“l 1 1 1 | 1 1 1 1
0 300 600 900
T (K)

Figure 3.2: Comparison of the calculated and experimental reduced magnetiza-
tions in magnetite [19]

An easy magnetization direction in monoclinic lattice of magnetite below the
Verwey transition is [001]. The number of magnetically nonequivalent positions
then equals the number of crystallographically non-equivalent positions, i.e. there
are 8 magnetically non-equivalent A positions and 16 magnetically non-equivalent
B positions.

In the temperature range between the Verwey transition and the spin reori-
entation transition (= 125 — 130 K), the easy magnetization direction in cubic
lattice is [001]. In this case all A positions are magnetically equivalent and also
all B positions are magnetically equivalent.

Easy magnetization direction above spin reorientation transition is [111]. In
this situation all A positions are magnetically equivalent, while B positions are
divided into two groups of magnetically equivalent positions By a By in ratio 1:3.

17



3.3 NMR in Magnetite

NMR is a very suitable method for a study of crystal, electronic and magnetic
structure of magnetite as the resonating nuclei 5"Fe represent a local hyperfine
magnetic field probe. Each group of magnetically equivalent crystallographic po-
sitions of iron ions gives rise to one spectral line, the intensity of which is pro-
portional to the count of resonating nuclei in this group. Considering the afore-
mentioned phase transitions in magnetite, different structure of spectra can be
expected for temperatures below the Verwey transition, between the Verwey and
the spin reorientation transitions and above the spin reorientation transition, as
can be seen in figure 3.3 [21]. The structure of spectra in figure 3.3 corresponds to
the crystal and magnetic structure of magnetite at particular temperature. There
are 8 A lines (two of them are overlapping) and 16 B lines (one of them is over-
lapped by A lines) resolved in the spectrum below the Verwey transition. One A
line and one B line can be found in the spectrum measured at temperature in be-
tween the Verwey and the spin reorientation transitions. The spectrum acquired
above the temperature of the spin reorientation transition contains one A line and
two B lines (B; and Bs) with an intensity ratio 1:3.

relativni intenzita

ey Lot Moot ANt L e T

48 49 50 51 65 66 67 68 69 70 71 72 73 74 75

frekvence (MHz)

Figure 3.3: NMR spectra of pure magnetite measured at temperature below the
Verwey transitions (a), between the Verwey and the spin reorientation transition
(b) and above spin reorientation transition (c) [21]

Individual lines in NMR spectra of magnetite were identified in papers [2] and
[1]. Temperature dependence of frequencies of individual lines in the range from
4,2 K to 135 K can be also found in [2], while the dependences above the Verwey
transition up to 400 K for A line and up to 320 K for both A and B lines were
published in [3] for pure and Al-substituted samples and in [22] for pure magnetite
and magnetite with vacancies, respectively. Angular variations of frequencies of
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spectral lines in an external magnetic field were reported in [1].

Spin-lattice relaxation times of particular spectral lines measured at temper-
ature 4,2 K in [2] are comparable, whereas spin-spin relaxation times differ by
orders of magnitude. Temperature dependences of both spin-lattice and spin-spin
relaxation times below the Verwey transition were published in [23]. Dependences
of relaxation times of all A lines are of similar character, the same applies for the
B lines.

3.4 Substitution and Defects in Magnetite

Physical properties of magnetite can be strongly influenced by the presence of
structural defects and substitutions at cation sites. In particular, the temperature
of the Verwey transition decreases with increasing concentration of substitution
or vacancies in a sample — see figure 3.4 [24]. Moreover, when the concentration
reaches a limit marked in figure 3.4 by vertical line, a change of the Verwey tran-

sition from the transition of the first order to the transition of a higher order was
reported [24], [25].

® Fes(1-504

|
= o Fes_, Zn,0,

- * Fey Ti 0,

Ty (K)

100

20

|1|111||:1|L11|!|1]||||

I 1 1

1 l 1 1 1
Q.02 O.C])3
Y, X, 38

Figure 3.4: Variation of the Verwey transition temperature against sample com-
position. The region on the left from a vertical line corresponds to the first order
transition. [24]

Existing NMR studies of samples with substitutions or structural defects con-
cern mainly substitution of aluminium ions A>T [3], [4] and gallium ions Ga3* [5]
and vacancies in non-stoichiometric magnetite [22]. NMR spectra and relaxation
times of magnetite with substitution of zinc Zn** ions measured at 4.2 K, 198 K
and 273 K were published in [7]. Spectrum of magnetite substituted by titanium
ions Ti*" at 273 K was reported in [6].

The shape of NMR spectra is significantly influenced by the preference of sub-
stitution ions for a particular cationic position. Ions of zinc substitution Zn?*
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enter in magnetite into A sites, whereas titanium ions Ti*T occupy B sites. Par-
tial replacement of iron ions by ions of the substitution induces a change of the
hyperfine field at iron nuclei in the vicinity. If the concentration of substitution is
low, satellite structure in " Fe NMR spectra can be observed. (In case of a higher
concentration of defects, main lines become broader and may overlap the satellite
signals.) Relative intensity of satellite signals is proportional to the substitution
concentration. The number of satellite lines corresponding to a particular set of
crystallographically equivalent configurations of resonating nuclei and substituent
can be determined by considering the number of magnetically equivalent configu-
rations contained within this set. Crystallographical configurations of a resonating
iron nucleus and a substitution ion in magnetite above the Verwey transition tem-
perature are listed in table 3.2 [26]. Rows b) and d) in the table correspond to the
zinc substitution, while rows a) and ¢) apply to the titanium substitution. Figures
3.5 and 3.6 displaying the surrounding of the resonating iron nuclei in magnetite
are provided for better understanding.

Table 3.2: Configurations of a resonating iron nucleus and a substitution ion in
magnetite above the Verwey transition temperature [26]

Notation P051t10111“(l)£11§lss0natlng Position of substitution| Iron surrounding (within 5 A)
a) 16d =B 12x3.453 A
8a=A
b) 8a=A 4x3.607 A
c 16d=B 6x2.945 A
) 16d =B x
d) 8a=A 6x3.453 A

In the case noted in table 3.2 as a), the substitution ion is situated in the plane
of symmetry for the position of a resonating nucleus and a corresponding tensor
of local field anisotropy A has three independent terms «, 3 and ~:

a B
A=| B a v . (3.1)
7Y 2o

The case b) denotes the situation when the substitution ion is located in the plane
of symmetry and on the 3-fold axis. The corresponding local field anisotropy
tensor has only one independent term:

A= (3.2)

D0 o
o2 0

y
0
~
In the cases ¢) and d), the substitution is placed in the plane of symmetry for the
position of a resonating nucleus as in the case a). Satellite structure of spectra

corresponding to a particular configuration of a resonating iron nucleus and a
substitution ion for a given magnetization direction can be found in table 3.3 [26].

20



Figure 3.5: Surrounding of the resonating iron nucleus at the A site in a pure
magnetite (oxygen ions are drawn blue, iron ions at the A sites red and iron
ions at the B sites green; central ion is highlighted). Created by V. Chlan using
XCrySDen [27].

Figure 3.6: Surrounding of the resonating iron nucleus at the B site in a pure
magnetite (oxygen ions are drawn blue, iron ions at the A sites red and iron
ions at the B sites green; central ion is highlighted). Created by V. Chlan using
XCrySDen [27].
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Table 3.3: Satellite structure of spectra corresponding to various configurations
of a resonating iron nucleus and a substitution ion in magnetite above the Verwey
transition for different magnetization directions [26]

3 Notation . .. .
o s Number | Ratio of | Positions of the satellites
Madgjll}etléaltllon ;;1 Aymin, frlf::li;hz of intensities | (in order of the previous
ectio P US| satellites | of satellites column)
table
I+a
a),c), d 2 2:1
[100] Axx )»¢): d) 1-2a
b) 1 1
I+2a+2B
a), c), d) 4 1:1:2:2 [+2a-2pB
I-a+2y
[110] Axx+ Ayy + 24y I—a-2y
+
b) 2 101 " j\‘/’
I+2B3+4y
a), ¢), d) 3 1:2:1 1-28
[111] 2Axy + 2Axz + 24y, I+2B-4y
+
b) 2 1:3 11_2
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Chapter 4

Experiments and Discussion

4.1 Samples

NMR experiments were performed on a series of zinc substituted and titanium
substituted magnetite single crystal samples. Chemical formulae of zinc substi-
tuted and titanium substituted samples are Fes_ z,7Zn,7,04 and Fes_ 1iTi,1iO4,
respectively, where the xZn and xTi parameters denote the concentration of sub-
stitution. Investigated samples are listed in tables 4.1 and 4.2. Typical dimensions
of samples were of the order of millimeters.

Table 4.1: List of investigated zinc substituted samples

Sample Sample Nominal Verwey Note
number label zinc transition
substitution tempera-
x7Zn ture
Tv [K]
yAul SM459J#1 0.0075 113.8 small piece cut
from SM459J
7n2 SM448#4 0.0086 112.3
7/n3 459-14#22 0.0174 104.9 xZn according
mg3 to electron
microprobe
measurement
in [28]

Samples Til and Ti6 were prepared in the laboratory of professor V. A. M.
Brabers at Eindhoven University of Technology using the floating zone method
[29]. First of all, stoichiometric polycrystalline rods of desired composition were
prepared using ceramic techniques. These rods were then melted in a floating
zone apparatus, using an arc-image furnace, in a nitrogen atmosphere. Addi-
tional annealing in an oxygen atmosphere was performed in order to improve the
mechanical quality of the crystals.
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Table 4.2: List of investigated titanium substituted samples

Sample Sample Nominal Verwey Note
number label titanium transition
substitution tempera-
xTi ture
Tv [K]
Til Fes 992 Ti0.00804 0.008 ~ 116
Ti2 392P2#1 0.0065 — 109 — 116
0.0098
Ti3 394-1 0.008 — 0.02 <95
Ti4 391P44#1 0.0032 — NMR spectra
0.0040 measured only
at 144 K
Ti5 447#3A-1 0.01 — 0.026 NMR spectra
measured only
at 4.2 K
Ti6 S255-4 0.1

All the remaining samples come from the laboratory of Dr. J. Honig at Purdue
University, USA [28]. Single crystals were grown from the melt by using the cold
crucible method (skull melter). Subsequently, the crystals were exposed to sub-
solidus annealing under CO/CO, gas mixtures in order to establish the appropriate
oxygen stoichiometry, and then quickly quenched to room temperature to freeze
in the high temperature thermodynamic equilibrium. In spite of the presence of
defects generated by this procedure, reflecting the high temperature disorder, the
sharp transition and the high Verwey transition temperature demonstrate that
most of the low-temperature electronic processes are not affected.

4.2 Experimental Settings and the Data Pro-
cessing

NMR spectra of *"Fe nuclei were measured in a zero external magnetic field using
the CPMG pulse sequence. Typical length of 7/2-pulse in the pulse sequence
was 1 — 2 us. Typical number of m-pulses (and thus also the number of echoes)
was of the order of 10 or 100, as determined by a spin-spin relaxation time and
by a time window between m-pulses (= 2t,, — see figure 2.2), which was adjusted
to values of the order of 10 or 100 us to accommodate the whole width of the
echo. Pulse sequence repetition time (i.e. time between consecutive scans) was in
the range from 5 ms to 6 s, while being set long enough with respect to a spin-
lattice relaxation time. The amplitude of RF pulses was properly adjusted before
taking each spectrum to ensure that only the nuclei in domains would be excited.
The chosen number of scans was of the order from 10 to 10,000, depending on
the signal-to-noise ratio. Receiver gain was adjusted to properly utilize the input
range of the A/D converter. The sample rate of detected signal data was 0.7 or
2 MSps and the length of the sampled interval was of the order of 1 or 10 ms,
depending on the number of m-pulses and on a width of the time window between
them.
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A wide range of spectra makes it practically impossible to excite the whole
spectrum in a single step. Thus, the spectra were acquired step-by-step with a
typical frequency step in the range of 30 — 75 kHz, depending on the width of
the spectral lines. Resulting spectra were constructed as an envelope of spectra
(Fourier transform modules) corresponding to particular steps — see an illustration
figure 4.1. In a few cases, the spectra were plotted as Fourier transform modules
at the excitation frequency of particular steps.

64.5 65 65.5 66 66.5
f[MHz]

modules of Fourier transform of particular steps -
envelope of particular Fourier transform modules

Figure 4.1: Illustration of the construction of the spectrum from particular steps
(B lines, sample Ti2 at 168 K)

Parameters of subsequent data processing are just as important as the acqui-
sition parameters. Employed data processing involves a selection of echoes which
will be averaged. The first and the second echoes are disqualified as they are
usually affected by a higher noise level and by a distorted phase. The choice of
the last processed echo is limited by a spin-spin relaxation time and by a noise
level. Comparison of spectra obtained from different rounds of processing with
different choices of the last echo provides a qualitative measure of the influence of
a frequency dependence of a spin-spin relaxation time on the shape of the spectra
— see figure 4.2. The waveform obtained by the abovementioned averaging con-
tains the desired signal in the center and a noise at the sides. Thus, the data
points containing mostly the noise are cut off to reduce the noise level in a Fourier
transform result. However, the decision about which points belong to noise and
which still represent the signal depends on the line width and on the intensity of
the signal of interest. For example, the echo corresponding to a narrow spectral
line is broader than an echo belonging to a broad line and thus fewer points can
be discarded than in the latter case. The echo of a weak satellite signal is located
in a narrow region in the center of the waveform and a noise prevails in the rest,
so it may be necessary in some cases to drop a large number of data points in
order to enhance the signal-to-noise ratio of satellite signals in spectrum — the use

25



of this approach in the reported spectra is denoted by an asterisk (”*”) in the key.
An illustration is provided in figure 4.3.

echo 3 - 36 echo3-12 - ———-

Figure 4.2: Illustrative comparison of spectra based on the same data processed
with different choices of the last echo. The difference between spin-spin relaxation
rates of signals at 66.39 MHz and at 68.37 MHz is apparent. (B lines and satellite
signals, sample Ti3 at 128 K)

I T T T T I T T T T I T T T T
70.5 71 71.5 72
f[MHz]
echo 3-51 40x echo 3 - 51 - 40x *echo 3 - 51 ==-=---

Figure 4.3: Illustration of the effect of discarding data points with prevailing
noise during the data processing — see the text for details (A line and sat 20,
sample Zn3 at 106 K)

solid line — processing suitable for the main spectral line at 69.73 MHz. Only a
small amount of data points at the sides of a broad echo signal was dropped.
dotted line - same as above magnified by a factor of 40

dashed line — processing suitable for the weak broad signal at 71.06 MHz. The
signal-to-noise ratio of this spectral signal was improved by cutting off a large
number of data points containing mostly the noise at the sides of a weak narrow
echo.
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Several approaches were used to provide the defined temperature during NMR
experiments. During the measurements of spectra at 4.2 K, the probe with the
sample was submerged in liquid helium in a Dewar vessel. Several measurements
at 198 K were performed in a mixture of solid carbon dioxide and ethanol in a
polystyrene container (temperature deviation was within £2 K, which was accept-
able). The temperature of 273 K was achieved by placing the probe in a mixture
of ice and water in a polystyrene vessel. Spectra were also acquired at the ambi-
ent temperature of 299 K. In all the remaining cases, desired temperatures were
provided by helium continuous flow cryostat.

4.3 Results on Zinc Substituted Magnetite Sam-
ples

4.3.1 Spectra below the Verwey Transition Temperature

NMR spectra of zinc substituted samples Znl and Zn2 measured at the tempera-
ture of 4.2 K are shown in figures 4.6 and 4.7. There are no significant differences
between the spectra of these samples. The structure of the spectra corresponds
to the structure of spectra of pure magnetite at this temperature — see figures
4.4 and 4.5 for reference. However, the spectral lines are substantially broadened
due to the presence of the zinc substitution. (See figures 4.3 and 4.4 in [7] for
comparison with spectra of samples with higher concentrations of the zinc sub-
stitution.) Typical line widths in spectra of the pure magnetite single crystals at
4.2 K are of the order of 10 kHz for A lines and of the order of 10 to 100 kHz
for B lines [2]. The presence of the substitution causes broadening of all spectral
lines. Satellite signals cannot be observed as they are overlaid by the dense struc-
ture of broadened main lines. The processing of the same experimental data with
different numbers of averaged echoes exhibits different spin-spin relaxation rates
of individual spectral lines. Similarly to pure magnetite, the spin-spin relaxation
times of the B lines are shorter than those of the A lines. However, the relaxation
rates in substituted magnetite are generally faster than those in pure magnetite.

- —> B lines

¢
I G N :

I[au.]

T T I T T T T I T T T T I T T T I T T
48 49 50
f[MHz]

52

Figure 4.4: NMR spectrum of a pure magnetite single crystal at 4.2 K in the
range 47.5 — 52.5 MHz (measured by V. Chlan)
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Figure 4.5: NMR spectrum of a pure magnetite single crystal at 4.2 K in the
range 65 — 75 MHz (measured by V. Chlan)
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Figure 4.6: Comparison of NMR spectra of zinc substituted samples at 4.2 K in
the range 47.5 — 52.5 MHz (the meaning of ¢,, is illustrated in figure 2.2)
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Figure 4.7: Comparison of NMR spectra of zinc substituted samples at 4.2 K in
the range 65 — 75 MHz
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4.3.2 Spectra above the Verwey Transition Temperature

Comparisons of NMR spectra of samples Znl, Zn2 and Zn3 acquired at tempera-
tures of 144 K, 216 K and 273 K are depicted in figures 4.10 to 4.15. (Spectra of
samples with higher concentrations of the zinc substitution at 273 K can be found
in figures 4.9 and 4.10 in [7].) Positions of the main lines in the spectra correspond
to those in the spectrum of pure magnetite above the spin reorientation transition
— see figures 4.9 and 4.8 for reference. Several satellite signals were observed near
the B lines and a complex satellite structures were found in the vicinity of the A
lines in the spectra of these three samples.

As expected, the sample Zn3, which has the highest substitution concentration,
exhibits the broadest spectral lines of these three samples. On the other hand,
the lines in the spectra of the sample Zn2 are apparently narrower than those
of the sample Znl, which has slightly lower nominal concentration of the zinc
substitution. Deviation of the actual zinc content from the claimed one in one of
these two samples or the presence of inhomogeneities in the sample Znl can be
considered as the most plausible explanations.

Ila.u.]

f[MHz]

Figure 4.8: NMR spectrum of a pure magnetite single crystal at 273 K — A line
(measured by V. Chlan)

-1 —> B lines

Ila.u.]
|

f [MHz]

Figure 4.9: NMR spectrum of a pure magnetite single crystal at 273 K — B lines
(measured by V. Chlan)
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Figure 4.10: Comparison of NMR spectra of zinc substituted samples at 144 K
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Figure 4.11: Comparison of NMR spectra of zinc substituted samples at 144 K
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Figure 4.12: Comparison of NMR spectra of zinc substituted samples at 216 K
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Figure 4.13: Comparison of NMR spectra of zinc substituted samples at 216 K
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Figure 4.14: Comparison of NMR spectra of zinc substituted samples at 273 K
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Figure 4.15: Comparison of NMR spectra of zinc substituted samples at 273 K
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4.3.3 Temperature Dependences of Spectra above the Ver-
wey Transition Temperature

Temperature dependences of NMR spectra of zinc substituted magnetite samples
Znl, 7Zn2 and Zn3 were measured from temperatures slightly above the Verwey
transition up to 299 K. The acquired spectra are plotted in figures A.1 to A.9
in Appendix, while figures 4.16 to 4.21 show the spectra plotted relative to the
most intensive line in the displayed spectral range, thus making it easier to qual-
itatively evaluate the temperature evolution of relative position, line width and
shape of spectral signals. In accordance with the fact that the Verwey transition
temperature decreases with increasing concentration of substitution and defects
(see figure 3.4), spectra corresponding to a cubic phase were observed to lower
temperatures compared to pure magnetite (=~ 115 K for samples Znl and Zn2,
~ 106 K for sample Zn3). The most apparent changes in the spectra are the spin
reorientation transition and the narrowing of the main lines with the increasing
temperature. Special care was taken to find the satellite lines in the spectra in
order to be able to track the variation of their frequencies against the temperature.
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Figure 4.16: Temperature dependence of NMR spectra of sample Zn1l — spectra
plotted relative to the A lines
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Figure 4.17: Temperature dependence of NMR spectra of sample Zn1l — spectra
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Figure 4.19: Temperature dependence of NMR spectra of sample Zn2 — spectra
plotted relative to the B, By lines
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Figure 4.20: Temperature dependence of NMR spectra of sample Zn3 — spectra

plotted relative to the A lines
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Figure 4.21: Temperature dependence of NMR spectra of sample Zn3 — spectra

plotted relative to the B, By lines
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4.3.4 Temperature Dependences of Spectral Signal Fre-
quencies

The results of the measurements of the temperature dependences of spectra were
used to find the positions of the main lines and of the satellite signals in order to
construct the temperature dependences of their frequencies. Assembled data can
be found in tables B.1 to B.6 in Appendix, while the graphical representation is
shown in figure 4.22.

Several satellite lines found near the B lines probably arise from the presence
of a zinc ion Zn?" in the A position nearest to the resonating nuclei at the B
sites. A complex satellite pattern in the vicinity of the A line is localized close
to the main line because the distance between the substitution at the A site and
the resonating nuclei at the A sites is higher and thus the corresponding change
of the hyperfine field is lower. A high number of satellite lines in this pattern
indicates that many of these signals are induced by the substitution in the distant
surrounding of the resonating nuclei.

Satellite signals in the spectra of the sample Zn2 which are denoted in table
B.4 by an asterisk (”*”) were not found in the spectra of the other zinc substituted
magnetite samples. However, these signals coincide with the satellite lines in the
spectra of the non-stoichiometric magnetite reported in [22] — see figure 4.23.
Thus the presence of vacancies in the sample is evidenced. Concentration of the
vacancies is of the order of 10~* vacancies per formula unit, as estimated from
intensities of the corresponding satellite signals.
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Figure 4.22: Temperature dependences of frequencies of the main lines and of
the satellite signals in the spectra of the zinc substituted samples
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4.3.5 Temperature Dependences of HWHM of the A Lines

The half widths of the A lines in the temperature dependences of the spectra
of the samples Znl, Zn2 and Zn3 are listed in tables C.1 to C.3 in Appendix.
The variation of HWHM of the A lines against the temperature is plotted in
figure 4.24. Significant differences between the curves for particular samples can
be clearly seen: especially the curve for the sample Zn2 suggests lower actual
concentration of the zinc substitution than the nominal one.
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80
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Figure 4.24: Temperature dependences of half width at half maximum of the A
lines in the spectra of the zinc substituted samples

4.4 Results on Titanium Substituted Magnetite
Samples

4.4.1 Spectra below the Verwey Transition Temperature

Spectra of titanium substituted samples Til, Ti5 and Ti6 acquired at 4.2 K are
presented in figures 4.25 and 4.26. Just like in the case of the zinc substituted
samples, the structure of the spectra matches the structure of the spectra of pure
magnetite at the same temperature (see figures 4.6 and 4.7). The presence of
titanium substitution causes a broadening of the spectral lines, especially in the
spectrum of the sample Ti6, which has relatively high substitution concentration.
Satellite signals are overlaid by the dense structure of broadened main lines and
thus they cannot be observed.
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Figure 4.25: Comparison of NMR spectra of titanium substituted samples at
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Figure 4.26: Comparison of NMR spectra of titanium substituted samples at
4.2 K in the range 65 — 75 MHz
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4.4.2 Spectra above the Verwey Transition Temperature

NMR spectra of samples Til, Ti2, Ti3, Ti4 and Ti6 measured at temperatures of
144 K, 237 K and 273 K are compared in figures 4.27 to 4.32. Similarly to the
spectra of the zinc substituted samples, the main spectral lines correspond to those
in the spectrum of pure magnetite above the spin reorientation transition. In the
spectra of the samples Til, Ti2, Ti3 and Ti4, satellite patterns were observed in
the neighbourhood of the A lines, several satellite signals were resolved close to
the B lines (except the sample Ti4 measured only at 144 K) and satellite lines
were also evidenced in the region between the B and the A lines (this is also the
case of the sample Ti6).

The spectra of the sample Ti6 are composed of relatively broad lines due to
the high concentration of titanium substitution, whereas the spectral lines of the
sample Ti4, which has the lowest titanium content, are the narrowest of all these
samples. The widths of lines in the spectrum of the sample Ti2 are slightly higher
than those of the sample Ti4 but still lower than those of the sample Til, thus
suggesting that the actual substitution concentration is in the lower end of the
claimed range. The line widths in the case of the sample Ti3 are apparently higher
than those of the sample Til, so the titanium content at the higher end of the
provided range of nominal substitution can be expected.
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Figure 4.27: Comparison of NMR spectra of titanium substituted samples at
144 K — A lines
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Figure 4.29: Comparison of NMR spectra of
237 K — A lines
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Figure 4.31: Comparison of NMR spectra of titanium substituted samples at

273 K — A lines
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Figure 4.32: Comparison of NMR spectra of titanium substituted samples at
273 K — B lines

4.4.3 Temperature Dependences of Spectra above the Ver-
wey Transition Temperature

Variation of NMR spectra of titanium substituted magnetite samples Til, Ti2 and
Ti3 against the temperature were measured from temperatures near the Verwey
transition up to 299 K. The obtained spectra are displayed in figures D.1 to D.9
in Appendix. In order to simplify a qualitative evaluation of the changes in the
spectra with the varying temperature, the spectra were plotted relative to the
most intensive line in the spectral range shown in figures 4.33 to 4.38. Graphs
in the figures D.1 to D.9 which evidently belong to the temperatures when the
samples were slightly below the Verwey transition are not given here. The most
obvious effect in the spectra is presented by the spin reorientation transition.
Furthermore, the narrowing of the main lines with the increasing temperature
was observed. Just like in the case of the zinc substituted samples, particular
care was taken to detect the satellite lines in the spectra to be able to track the
dependences of their frequencies on the temperature.
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Figure 4.33: Temperature dependence of NMR spectra of sample Til — spectra
plotted relative to the A lines. The trace of low-temperature phase lines is visible
in the spectrum at 116 K (marked by a light blue rectangle).
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Figure 4.34: Temperature dependence of NMR spectra of sample Til — spectra
plotted relative to the B, By lines
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Figure 4.36: Temperature dependence of NMR spectra of sample Ti2 — spectra
plotted relative to the B, By lines
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Figure 4.37: Temperature dependence of NMR spectra of sample Ti3 — spectra
plotted relative to the A lines

23



- echo3-81 — |
e echo3-66 - - |
- echo3-30 --- |
= echo3-10 - B

7] echo3-81 — |-
- echo3-66 -- [
R echo3-30 --- [
= echo3-10 - =

: P S s _

— echo3-81 — [
— echo3-36 —-

2 7 echo3-12 --- [~

= ] L
RESRRN echo3-81 —

- 14K /"/’\\‘\ echo3-36 - - [

S 1, =19pus - -7 N echo3-12 ---

S w e .

~ | ”_//‘;// |

——rl—:-{—f_r—:;”l I T T T T I T T T T I T

] — echo3-36 — |
- 128K - N echo3-12 -- I~
:E
S0 |
~ : :

- e echo3-36 — |
- - 124K e T~ echo3-12 -—- |
E —t,=19 us P
= P

_'I—'_—I_’I T I T T T T I T T
— echo3-36 —
[ 109K echo3-12 -~
E —t,=19us T
~ ’lﬂ//
_hl—_T T T I T T T T I T T T T I T T T T I T T T T I T T T T
[}
echo3-36 —
— 95.0-95.6 K echo3-12 —- //\\ ! |
3 B
N -

Af [MHz]

Figure 4.38: Temperature dependence of NMR spectra of sample Ti3 — spectra
plotted relative to the B, By lines
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4.4.4 Temperature Dependences of Spectral Signal Fre-
quencies

The frequencies of the main lines and of the satellite signals found in the tempera-
ture dependences of spectra are listed in tables E.1 to E.6 in Appendix and a graph
of these temperature dependences is presented in figure 4.39. Satellite signals sat
5, sat 6 and sat 7 located in between the A line and the B lines originate from the
presence of the titanium ion Ti** at the B site nearest to the resonating nuclei
at the A sites, whereas the satellite pattern in the vicinity of the A line probably
comes from the presence of the substitution at the B site in wider surroundings
of the resonating nuclei at the A sites. Satellite lines sat 2 and sat 4 near the
B lines arise from the resonating nuclei at the B sites with the substitution at
the B site in the vicinity. The splitting between the B lines and these satellites
is lower than that between the A line and the satellites sat 5, sat 6 and sat 7
due to higher distance between the nearest B sites than between the nearest A
and B sites. Satellites sat 1 and sat 3 probably correspond to the presence of the
titanium ion Ti** in a more distant neighbourhood of the resonating nuclei at the
B sites.
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4.4.5 Temperature Dependences of HWHM of the A Lines

The half widths of the A lines read out from the temperature dependences of
the spectra of the samples Til, Ti2 and Ti3 are given in tables F.1 to F.3 in
Appendix. Graphical representation of the variation of HWHM of the A lines
against the temperature is provided in figure 4.40. The differences between curves
are apparent, particularly interesting is the slightly faster decay of the dependence
for the sample Ti2 than for the sample Til, supporting the suggestion of the actual
concentration of the substitution in the sample Ti2 being near the lower end of
the claimed range.
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Figure 4.40: Temperature dependences of half width at half maximum of the A
lines in the spectra of the titanium substituted samples

4.5 Discussion

Analysis of the acquired NMR spectra of the zinc and titanium substituted mag-
netite is based on an interpretation of spectra of pure magnetite at the correspond-
ing temperature. In addition to giving rise to satellite signals, the presence of the
substitution causes broadening of lines in the spectra.

Experiments at 4.2 K were performed on samples with relatively low substitu-
tion concentration except the sample Ti6, thus it is possible to distinguish most
of the spectral lines despite their broadening. Frequencies of the spectral lines
are the same as those of the lines in the spectra of pure magnetite. However, as
already stated, the satellite pattern could not be observed due to being overlaid
by the dense structure of the broadened main lines. In case of the sample Ti6, the
lines in the spectra are so broad that it is impossible to resolve particular lines.

The structure of the main lines in the spectra acquired at the temperatures
above the Verwey transition is relatively simple and the frequencies of the main
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lines correspond to those of the lines in the spectra of pure magnetite — see figure
4.41. The most apparent effect in the spectra is the spin reorientation transition
manifesting itself by the splitting of the B line into the B; and Bs lines. The spectra
corresponding to a cubic phase were observed to lower temperatures compared to
pure magnetite because the Verwey transition temperatures of the investigated
samples are lower due to the presence of the substitution. The spectrum of the
sample Ti6 at 273 K differs from the spectra of the other titanium substituted
samples by significantly broader lines making the B lines merge into a wide band,
by the lower frequency of the A line and by a high intensity of the satellite signal
between the A and B lines due to relatively high substitution concentration.
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Figure 4.41: Temperature dependences of frequencies of the main lines in the
spectra of the zinc and titanium substituted samples and of pure magnetite [26],
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Satellite signal patterns were observed in the spectra measured above the Ver-
wey transition frequency and the temperature dependences of their frequencies
were constructed. The limitation factors of resolving the satellite signals were the
signal-to-noise ratio and the overlaying of the satellites by the broadened main
spectral lines in case of the satellite lines that were located close to the main lines.

In case of the zinc substituted samples, there are numerous satellite lines close
to the A line, forming a complex structure arising from the presence of zinc ion
Zn** in a wider surrounding of the resonating nuclei at the A site. There were also
several satellite lines resolved in the vicinity of the B lines. Satellite sat 1 and most
likely also satellites sat 3 and sat 5 originate from the presence of the substitution
in the A position nearest to the resonating nuclei at the B sites, whereas in case
of the satellite signals sat 2 and sat 4, we cannot avoid the possibility that these
signals are caused be the zinc ion Zn?* located at the A site in a more distant
surrounding of the resonating nuclei at the B positions. Temperature dependences
of frequencies of the satellite lines plotted relative to the main lines are presented
in figures 4.42 and 4.43. Satellite line sat 1, which is of a particular interest due to
the highest splitting between this line and the B lines, was compared in figure 4.44
to the satellite observed below the B lines in the spectra of gallium substituted
magnetite [30]. Temperature dependences of frequencies of the satellite signal sat1
and of the By line normalized to their frequencies at 299 K are shown in figure 4.45
and a similar plot in figure 4.46 provides the comparison with the abovementioned
satellite found in the spectra of gallium substituted magnetite. As evidenced, a
decrease of the frequency with increasing temperature of the satellite sat 1 is
much slower than in case of the referred satellite line in the spectra of gallium
substituted magnetite. Another signal deserving a special mention is marked as
sat 20. Origin of this relatively broad line, which was observed only at the lower
end of the temperature dependences, is not clear — it may be a satellite signal from
resonating iron nuclei at the A sites but it can also be caused by the resonance
of the oxygen nuclei 7O reported in [31] at about 80 MHz for the (Zn-Mn-Fe)O,
compound at the temperature of 4 K. Satellite signals observed in the spectra
of the sample Zn2 which are marked in table B.4 by an asterisk originate from
the presence of a low concentration of vacancies in the sample, as was clearly
demonstrated in figure 4.23.

The most interesting satellite signals found in the spectra of the titanium
substituted samples, marked sat 5, sat 6 and sat 7, are in between the A line and
the B lines. At higher temperatures, these signals can be resolved as three distinct
lines with intensity ratio of 1:1:2 (see table 3.3). These satellite lines arise from the
presence of the substitution at the B site nearest to the resonating nuclei at the
A sites. The satellite lines near the A line probably originate from the presence of
the titanium ion Ti**t at B site in wider neighbourhood of the resonating nuclei
at the A sites. Satellite lines in the vicinity of the B lines can be divided into
two groups. The first group consisting of the satellites sat 2 and sat 4 arise from
the presence of the substitution at the B site nearest to the resonating nuclei at
the B sites. The second group is formed by the satellite signals sat 1 and sat 3
induced probably by the substitution ion located in a wider surroundings of the
resonating nuclei at the B sites. Temperature dependences of frequencies of the
satellite lines plotted relative to the main lines are provided in figures 4.47 and
4.48. Temperature dependences of frequencies of the satellite signals sat 5, sat 6

29



1.5 I L L L L I L L L L I L L L L I L L L L I
T
J i 5
|
X
- I -
I
1
hl
i RNl B
\
I
1 - Al |
1
E‘ 1 -
an
E 0.5 =
= ] i
' N e '
: X K- K-----X TTT-= |
%a= \1_::\‘ ‘§ —————— W
o B o TRy
o+ - - - X ‘:%r*:*:gz*:-:: _______________ .
X S — Hpmm e Y —H K
1 = ¥——=—==T KT === EEE’.&EEE*EEEE Z==== -
1 x %@:’“ = -
'O 5 I T T T T I T T T T I T T T T I T T T T I
100 150 200 250 300

T [K]
Znl --+4+=-! Zn2 ~->-! Zn3 =-%-!

Figure 4.42: Temperature dependences of frequencies of the satellite signals near
the A line in the spectra of the zinc substituted samples plotted relative to the A
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and sat 7 and of the A line normalized to their frequencies at 144 K is presented in
figure 4.49 and the comparison with the satellite signal in the spectra of aluminium
substituted magnetite [3] and of non-stoichiometric magnetite [22] is provided in
figure 4.50. A decrease of the frequency with increasing temperature of the satellite
signals sat 5, sat 6 and sat 7 is slower than in case of the satellites in the spectra
of non-stoichiometric magnetite but it is faster than in case of satellite lines in the
spectra of aluminium substituted magnetite. However, all displayed satellite lines
have faster decrease of the frequency with increasing temperature than the main
A line due to a perturbed A-B exchange interaction.
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Figure 4.47: Temperature dependences of frequencies of the satellite signals near
the A line in the spectra of the titanium substituted samples plotted relative to
the A line

Temperature dependences of the widths of the A lines in the acquired spec-
tra above the Verwey transition exhibit very interesting behaviour. Typically in
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magnetic iron oxides, the line widths increase with increasing temperature due
to the increasing fluctuations of the hyperfine magnetic field — a model case is
represented by the spectral lines of YIG (see [32]). However, as shown in [23],
the A line in the spectra of pure magnetite is broadened at temperatures near the
spin reorientation transition and quickly decreases with the increasing tempera-
ture up to approximately 260 K and then increases at higher temperatures. The
presence of the substitution or vacancies in the sample broadens the widths of the
spectral lines and emphasizes the effect of the decrease in the A line width with
increasing temperature. Comparison of the temperature dependences of widths of
the A lines obtained from the measured temperature dependences of the spectra
of the zinc and titanium samples with the data for pure magnetite [3], [23] and
the magnetite samples with aluminium substitution [3] and with vacancies [22]
is provided in figure 4.51. The A line width in the spectra of the sample Zn2
above the spin reorientation transition is relatively close to the width of the A line
of pure magnetite. However, the line width sharply increases when the temper-
ature decreases toward the Verwey transition, which might be explained by the
increasing disorder in the electron system enhanced by the presence of the zinc
substitution. All the remaining dependences presented in figure 4.51 exhibit A
line widths significantly higher than those in the spectra of pure magnetite, and
although the ratio of the line width near the Verwey transition and that at the
ambient temperature is higher than in case of pure magnetite, the decrease of the
line width with increasing temperature is considerably slower than in case of the
sample Zn2. Moreover, the decay of the A line width in these cases does not seem
to be tightly connected with the spin reorientation transition. A possible expla-
nation can be found in an idea that with decreasing temperature the presence of
the substitution or vacancies in the sample increasingly affects electron dynamics
in the sample thus producing inhomogeneities of the electron density, resulting in
a broader hyperfine field distribution.
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Chapter 5

Conclusion

The subject matter of the presented work was an experimental study of zinc
and titanium substituted magnetite by means of the nuclear magnetic resonance
spectroscopy. The goal was to extend the knowledge about the impact of cationic
substitutions on the NMR spectra by performing a series of experiments on sets
of single crystal samples while focusing on the temperature dependences of the
spectra above the Verwey transition. This work shows the particular suitability of
the NMR method and of the zinc and titanium substitution for the investigation
of electronic structure of magnetite. Moreover, the results of this study contribute
to the set of information about magnetite that has been systematically collected
by NMR and many other methods for a long period of time.

The temperature dependences of the spectra were measured from the temper-
atures near the Verwey transition up to the ambient temperature. In addition,
NMR spectra were acquired also below the Verwey transition at the temperature
of 4.2 K. Frequencies of the main spectral lines correspond to those in the spectra
of pure magnetite. The broadening of the spectral lines due to the presence of the
substitution was stated. In case of a high substitution concentration, the spectra
lose resolution as the lines in the spectra merge together. The structures of satel-
lite signals induced by the substitution presence were observed in the spectra of
both the zinc and the titanium substituted samples acquired above the Verwey
transition temperature.

Frequencies of both the main lines and the satellite signals in the spectra
above the Verwey transition were found and their temperature dependences were
constructed. Satellite lines of particular interest were identified in the spectra of
both zinc and titanium substituted magnetite and the temperature dependences
of their frequencies were compared to those of the satellites found in the spectra
of magnetite with other substitutions and of non-stoichiometric magnetite.

Temperature dependences of the widths of the A lines in the acquired spectra
above the Verwey transition were constructed. These dependences exhibit narrow-
ing of the A lines with increasing temperature, which represents a very unusual
behaviour among the magnetically ordered iron oxides. A comparison with the
data for pure magnetite, aluminium substituted magnetite and non-stoichiometric
magnetite was performed and the emphasizing of the effect by the presence of the
substitution or vacancies was stated.

In the scope of further study, NMR experiments on the investigated samples
should be performed at higher temperatures in order to track the behaviour of
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both the main lines and the satellite signals, while taking special care to observe
the changes of the width of the A lines and the satellite shifts with increasing
temperature. Detailed information about the origin of the satellite signals in the
spectra could be provided by measuring angular dependences of the spectra in an
external magnetic field. This type of experiment could be also beneficial in the
interpretation of the narrowing of the A lines with increasing temperature. Last
but not least, employment of ab-initio calculations for further interpretation of
the experimental results will be considered.
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Appendix A

Temperature Dependences of
NMR Spectra of Zinc Substituted
Magnetite Samples
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range 61 — 69.5 MHz
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Figure A.4: Temperature dependence of NMR spectra of sample Zn2 in the
range 67 — 75 MHz
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Figure A.5: Temperature dependence of NMR spectra of sample Zn2 in the
range 67 — 71 MHz (detail of fig. A.4; see fig. A.4 for key)
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Figure A.6: Temperature dependence of NMR spectra of sample Zn2 in
range 61 — 69.5 MHz
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Figure A.7: Temperature dependence of NMR spectra of sample Zn3 in the
range 67 — 75 MHz
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Figure A.8: Temperature dependence of NMR spectra of sample Zn3 in the

range 67 — 71 MHz (detail of fig. A.7; see fig. A.7 for key)
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Figure A.9: Temperature dependence of NMR spectra of sample Zn3 in the
range 61 — 69.5 MHz
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Appendix B

Temperature Dependences of
Spectral Signal Frequencies of
Zinc Substituted Magnetite
Samples - Tables
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Appendix C

Temperature Dependences of
HWHM of the A Lines of Zinc
Substituted Magnetite Samples -
Tables

Table C.1: Temperature dependence of half width at half maximum of the A
line of the sample Znl

Temperature T [K]| £0.5 A HWHM [kHz| +0.20
115.5 32.95
120.0 31.15
124.0 28.80
127.7 27.30
144.0 21.90
168.0 16.50
198.0 12.20
216.0 10.80
237.2 9.25
299.0 7.70
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Table C.2: Temperature dependence of half width at half maximum of the A
line of the sample Zn2

Temperature T [K]| £0.5 A HWHM [kHz| +0.20
114.6 32.50
118.5 18.00
123.4 4.50
130.5 3.50
144.0 3.50
167.5 2.95
198.0 2.65
216.6 2.50
240.5 2.65
273.0 2.40
299.0 2.65

Table C.3: Temperature dependence of half width at half maximum of the A
line of the sample Zn3

Temperature 7' [K]| £0.5 A HWHM [kHz| £0.20
106.0 87.90
128.0 53.85
144.0 42.35
168.0 30.95
197.5 22.35
216.5 18.35
237.0 16.15
273.0 13.80
299.0 12.75
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Appendix D

Temperature Dependences of
NMR Spectra of Titanium
Substituted Magnetite Samples
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Figure D.1: Temperature dependence of NMR spectra of sample Til in the range
65.5 — 74.5 MHz
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Figure D.2: Temperature dependence of NMR spectra of sample Til in the range
67 — 71 MHz (detail of fig. D.1; see fig. D.1 for key)
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Figure D.3: Temperature dependence of NMR spectra of sample Til in the range
61 — 69.5 MHz
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Figure D.4: Temperature dependence of NMR spectra of sample Ti2 in the range
65.5 — 74.5 MHz
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Figure D.5: Temperature dependence of NMR spectra of sample Ti2 in the range
67 — 71 MHz (detail of fig. D.4; see fig. D.4 for key)
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Figure D.6: Temperature dependence of NMR spectra of sample Ti2 in the range
61 — 69.5 MHz
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Figure D.7: Temperature dependence of NMR spectra of sample Ti3 in the range
65.5 — 74.5 MHz
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Figure D.8: Temperature dependence of NMR spectra of sample Ti3 in the range
67 — 71 MHz (detail of fig. D.7; see fig. D.7 for key)
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Figure D.9: Temperature dependence of NMR spectra of sample Ti3 in the range
61 — 69.5 MHz
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Appendix E

Temperature Dependences of
Spectral Signal Frequencies of
Titanium Substituted Magnetite
Samples - Tables
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Appendix F

Temperature Dependences of
HWHM of the A Lines of

Titanium Substituted Magnetite
Samples - Tables

Table F.1: Temperature dependence of half width at half maximum of the A line
of the sample Til

Temperature 7' [K]| £0.5 A HWHM [kHz| +0.20
116.0 26.55
116.5 25.95

118.0+ 1.0 25.50
124.0 23.70
128.0 22.75
136.0 19.60
144.0 17.50
168.0 12.10
198.0 9.30
215.7 8.70
237.0 7.35
273.0 7.30
299.0 6.70
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Table F.2: Temperature dependence of half width at half maximum of the A line

of the sample Ti2

Temperature T [K]| £0.5 A HWHM [kHz| +0.20
116.2 29.20
123.8 17.60
127.7 17.40
144.0 12.45
168.0 9.75
198.0 8.60
236.7 6.50
298.0 6.30

Table F.3: Temperature dependence of half width at half maximum of the A line

of the sample Ti3

Temperature 7' [K]| £0.5 A HWHM [kHz| +0.20
95.0 128.30
108.6 110.30
123.2+1.0 99.75
128.3 92.10
144.0 74.85
198.0 44.775
237.0 34.15
299.0 26.80
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