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Abstract

This thesis describes a new digitally-controlled High-Temperature Electron-Paramagnetic-
Resonance (H.T. EPR) spectrometer. While introducing microwave radiation at 9.4GHz range
with subsequent sinusoidal modulation, the magnetic field range is up to 800mT (8000G) the High
Temperature Cavity has a wide range of temperature from room temperature up to 1300K with the
help of a flowing gas. Furthermore, the method of extracting the steady-state absorption spectra
and the meaning of lineshape spectra is well explained and the change of the lineshape and
linewidth in many systems. In that thesis three experiments are presented which can show and
connect all the theory of lineshape. The fist experiment was at DPPH a radical with S=1/2 (which
gave all the necessary information about S/N, the lock-in amplifier, the signal channel and the
microwave bridge). The second experiment was at natural marble with S=5/2, 1=5/2, which has
Mn*? (isolated spins) in the matrix of CaO/CaCO3 which was the first one that carried out at high
temperatures. The last experiment that carried out had to do with magnetic nanoparticles Fe;Os,
those particles were measured up to 800K, they can give information about systems with spin
domains such as the one we measured. Such systems of superparamagnetic nanoparticles are
currently investigated by a large variety of techniques. Through that technique we can study and
get information about the lattice in a faster way and especially for information about magnetic

nanoparticles.
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Hepiinyn

H mopovca dwatpifn meprypdopet éva véo ymoetaxd eleyyduevo poopatopetpo HAektpoviov-
[Mopapayvntkod Zvviovicpov Yyniov Oegppokpaciov (Y.0. H.ILX)). Ewdyoviag v
axtivoPoiio pikpokvpdtov pe cvyvotnta 9,4 GHz pe eraxdAovdn nuitovoedn dStopdpemon, o
e0pog payvnrikov mediov émg kot 800 mT (8000 G) kot ¥pPNOYOTOIDOVTAS KOWAOTNTO VYNADV
0EPLOKPACIHV KOTAPEPALE UTOPOVLLE VO LETPNOOLLLE G Bepokpaciakd e0pog amd Beprokpacio
dopatiov ¢og 1300 K. EmmAéov, eényeitar 1 évvolo ToV QUCUATOV ®G TPOS TOV TUTO TNG
AmTopPOPNONG KOL 1) OAAOYT) TOL CYNUATOC TNG YPOUUNG OE TOAAE GUOTALOTA. X€ QVTH TN Ol TP
napovctaloviot Tpia mepdparta. XTo mpdto meipapo petpndnke DPPH pa piCo pe S=1/2 (mov
£0mwoe OAEG TIG amapaitnteg TANpoeopies Yo o S/N, TOV eVIGYVTY, TO KOVOAL GNHOTOC KOL TN
vépupa pikpokvpatwv). To debtepo meipapa NTav 6 LGIKO pdppapo pe S=5/2, 1=5/2, 10 onoio
&xel Mn+2 (amopovopéva omv) ot utpa tov popudpov (CaO/CaCO3) mov TV T0 TPAOTO TOL
npaypatonomOnke e vyniég Beppokpaciec. To tedevtaio meipapo VYNAOY BEPUOKPAGIDOV TOL
TpoypaTorTomOnke eixe vo kdvel pe payvntikd vavooopotiow Fe203, pmopodv va ddcouvv
TANPOPOPIES Y10 CLGTHHOTA PE OUAOES OO OTLY OTMG OVTO TOL PETPNoape. Tétola GuoTiHaTa
VIEPTAPALAYVITIKOV VOVOSOUATIOIOV JEPELVAOVTAL ENL TOV TOPOVTOS HE o LEYAAN TOUKIALL
TEYVIKOV. MEG® 0VTNG TNG TEYVIKNG LTOPOVLE VO LEAETIGOVLLE KOl VO, TAPOVLE TANPOPOPIES Yol
T0 TAEYHOL UE TO YPNYOPO TPOMO Kol E0IKA Y100 TANPOPOPIEG CYETIKA HE TO HOYVNTIKA

VOVOGOUOTIOW.
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CHAPTER 1

1. Electron Paramagnetic Resonance

1.1 Introduction

Nowadays much of the knowledge of the structure of molecules has been obtained from the
analysis of molecular absorption spectra. Such spectra are obtained by measuring the attenuation
versus frequency (or wavelength) of a beam of electromagnetic radiation as it passes through a
sample of matter. Lines or bands in a spectrum represent transitions between energy levels of the
absorbing species. The frequency of each line or band measures the energy separation of two
levels.

When a photon is absorbed or emitted by an electron, atom or molecule, the energy and
angular momentum of the combined (total) system must be conserved. For this reason, the
propagation direction relative to the alignments of the photoactive chemical system is of crucial
importance.

In 1921, Stern and Gerlach observed that a beam of silver atoms splits into two lines when it
is subjected to a magnetic field [1]-[3]. While the line splitting in optical spectra, first found by
Zeeman in 1896 [4], [5] could be explained by the angular momentum of the electrons, the s-
electron of silver could not be subject to such a momentum, not to mention that an azimuthal
quantum number | = %2 cannot be explained by classical physics. At that time, quantum mechanics
was still an emerging field in physics and it took another three years until the anormal Zeeman
effect was correctly interpreted by the joint research of Uhlenbeck, a classical physicist, and
Goudsmit, a fellow of Paul Ehrenfest [6], [7]. They postulated a so-called ‘spin’, a quantized
angular momentum, as an intrinsic property of the electron. This research marks the cornerstone of
electron paramagnetic resonance (EPR) spectroscopy which is based on the transitions between
quantized states of the resulting magnetic moment.

8
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In the hydrogen atom, one has additional angular momentum arising from the proton
nucleus. Breit and Rabi [8] described the resultant energy levels of a hydrogen atom in a magnetic
field in 1931. Rabi et al [9]. studied transitions between levels induced by an oscillating magnetic
field. This experiment was the first observation of magnetic resonance.

Cynically, the worst event in the twentieth century ultimately boosted the development of EPR
spectroscopy as after World War II suitable microwave instrumentation was readily available from
existing in radar equipment. This led to the observation of the first EPR spectrum (Figure 1) by the
Russian physicist Zavoisky in 1944 [10], [11] , who discovered the phenomenon of EPR in the
condensed phase. He studied aqueous and non-aqueous solutions of manganese salts using the
radio-frequency field and checking the coefficient of paramagnetic absorption as a function of the
applied static magnetic field. The curves he obtained showed a maximum of absorptionl in the
region of weak fields (Figure 1). Under higher frequencies for the radio-frequency field, this
maximum shifted toward the region of higher fields, already one year before the first nuclear
magnetic resonance (NMR) spectrum was recorded [12][13]. More specifically the first
observation of an electron paramagnetic resonance peak was made in 1945 when Zavoisky [14]
detected a radiofrequency absorption line from a CuCl, - 2H>O sample. He found a resonance at a
magnetic field of 4.76mT for a frequency of 133 MHz; in this case the electron Zeeman g-factor is
approximately 2. Zavoisky’s results were interpreted by Frenkel [15] as showing paramagnetic
resonance absorption. Later experiments at higher (microwave) frequencies in magnetic field of

100-300 mT (1000-3000G) showed the advantages of the use of high frequencies and fields.

1 i
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Figure 1: First EPR signal obtained for a solution of manganese chloride tetrahydrate in absolute methyl

alcohol at the concentration 0.175 g/cm3 and room temperature.

The development of EPR and NMR went in the same pace during the first decade though NMR

was by far more widely used. But in 1965, NMR spectroscopy experienced its final boost with the
development of the much faster Fourier transform (FT) NMR technique which also opened the
development of completely new methodologies in this field [16]. The corresponding pulse EPR
spectroscopy suffered from expensive instrumentation, the lack of microwave components,
sufficiently fast digital electronics and intrinsic problems of limited microwave power. Although
the first pulse EPR experiment was reported by Blume already in 1958 [17], pulse EPR was
conducted by only a small number of research groups over several decades.
In the 1980s, the required equipment became cheaper and manageable and the first commercial
pulse EPR spectrometer was released to the market, followed only ten years later by the first
commercial high field spectrometer [[18]]. This development of equipment promoted the
invention of new and the advancement of already existing methods. Nowadays, a vast EPR
playground is accessible to an ever-growing research community, which became as versatile as the
spectroscopic technique itself.

While NMR is a standard spectroscopic technique for the structural determination of
molecules, the closely related EPR spectroscopy is still sparsely known by many scientists. This
discrepancy originates from the lack of naturally occurring paramagnetic systems because the
formation of a chemical bond is inherently coupled to the pairing of electrons and a resulting
overall electron spin of S = 0.

This lack of EPR-active materials is both the biggest disadvantage and the biggest
advantage of the method. On the one hand, the method is restricted to few existing paramagnetic
systems, radicals and transition metal complexes with a residual electron spin. On the other hand,
this selectivity turns out advantageous in the study of complex materials, since only few
paramagnetic species lead to interpretable EPR spectra.

Since most materials are diamagnetic, paramagnetic species must be artificially introduced
as tracer molecules. Dependent on the manner of introduction, they are called spin labels or spin
probes [19]. While spin labels are covalently attached to the system of interest, no chemical linkage

is formed between spin probes and the material. In both cases, the tracer molecules are sensitive to

10
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their local surrounding in terms of structure and dynamics and thus allow an indirect molecular
observation of the material’s properties [20].

Additionally, dipole—dipole couplings between two electrons allow for distance measurements in
the highly relevant range of 1.5-8 nm [21][22]. Attached to selected sites in biological and
synthetic macromolecules, structural information of such complex materials becomes accessible
[22]-[24]. This approach turns out especially powerful if the systems under investigation lack long
-range order and scattering methods cannot be applied for structural analysis. Magnetic resonance
techniques as intrinsically local methods do not require this constraint and EPR as one of only few
methods allows for the structural characterization of these amorphous nanoscopic samples with a
high selectivity and sensitivity [25], [26].

The EPR is wide known, because it’s a spectrometry that can give information in plenty
systems of many research fields such as physics (isolated atoms[27], atoms in fullerenes[28§],
transition metal ions[29], magnetic material[30]) chemistry (organic molecules[31], radicals[32]),
biology( radicals in biological materials[33], metal centers in enzymes[34], metalloproteins[34]),
medicine[35], food industry (radiation dosimetry[35], antioxidant properties of food[36]) and
materials (degradation of materials[37]). All those systems, for reasons that are well explained in
the second chapter of this thesis, are measured in low temperatures[38](4K or 77K). The
temperature at an EPR spectrum suggests the spin dynamics of the measured sample. There are
plenty models, like Curie, Raman, Orbach with each one of them explaining the dependence of the
temperature with the lattice and the time relaxation. The High Temperature EPR is not so famous
among the researchers. It is known that there are many EPR spectrometers all around the world but
many few (~1/100) of High Temperature EPR which are less than 10 in all Europe and less than 10
in US. They can provide though very important information in explaining the role of defects in
nanoparticles and ferromagnetic particles. The H.T. isn’t used for biological systems yet or
chemical systems until now because there they can’t provide a lot, but it is a good technique to
measure a system at a specific and stable temperature, below melting point, so there is a potential
use for biological systems to be measured up to 360K or a chemical system up to 380K or at carbon
-based materials to be measured up to 600K. There are many ways of increasing the temperature at
a sample, i.e. one can increase it with the use of a laser (laser-heated H.T. EPR [39]) by decreasing

the pressure (H.T. High Vacuum Pressure Transmitter EPR) or simply by adding a resistor in an

11
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enclosed environment and by that way heat the sample. The scope of this thesis is to develop a
digitally controlled spectrometer like the last one, more specifically, by using an X-band EPR set
up and by adjusting it digitally with a temperature controlling unit (controller) and a high-power
supply unit (source) on a tungsten filament in an enclosed environment we achieved to develop a
flexible method of conducting in-situ heating EPR experiments, through LabVIEW, in all the
range of temperatures. In that thesis three series of pilot experiments are presented which can show
and connect all the theory of line shape, more specifically we measured a radical, a marble which is
a system of isolated spins and ferromagnetic materials which has spin domains. The fist
experiment was at DPPH a radical with S=1/2 (which gave all the necessary information about
S/N, the lock-in amplifier, the signal channel and the microwave bridge). The second pilot
experiment was at natural marble, which has Mn*? in the matrix of CaO/CaCOj3, which is a system
of isolated spins in the matrix. The last experiment that carried out was on magnetic nanoparticles
Fe>Os, those particles were measured up to 800K. Such systems of superparamagnetic
nanoparticles are currently investigated by a large variety of techniques. Through that technique
we can study and get information about the lattice in a faster way and especially for information
about magnetic nanoparticles.

Overall electron paramagnetic resonance is a potent and complicated method of investigating
various materials and spin dynamics. There are many methods of conducting experiments, each
one requiring highly sophisticated machines and deep knowledge to understand the observed
phenomena. For the sake of simplicity, we now describe two general EPR techniques and give
short descriptive introduction into the principles of the experiments. This section is by no means
intended as a thorough description or division of the many various techniques and experiments
used in the EPR field; it is rather intended as a soft introduction to the two specific aspects of EPR

closely related to the high temperature EPR technology.

Continuous wave EPR

In continuous wave experiments (abbreviated as CW) the sample is put inside a magnet and the
field is swept in such a slow manner that it can be considered steady. The microwave radiation is
kept on a constant frequency (thus continuous wave) and after propagating through the optical path

excites the spin system if the resonance condition is met. To improve the signal-to-noise ratio, a

12
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low magnitude fast-oscillating external magnetic field is usually added to the main field. This is
called” modulation” and causes the detection of a first derivative of the EPR lines. Not only this
significantly improves the S/N ratio, but also allows the observer to be able to evaluate the spectra
more easily.

This technique is used mainly as an analysis of a given material on a molecular level understanding
intra-molecular phenomena such as the g-tensor anisotropy, hyperfine splitting or exchange
interaction and the inter-molecular phenomena, such as dipolar coupling. No phenomena related to

relaxation can be directly observed.

Pulsed EPR

The general principles of pulsed techniques in EPR are keeping the external field constant and
administering a high-power, short microwave pulse to the spin system. In case of a specific (so-
called 90°) pulse, the magnetization M is completely flipped from z-direction to xy-plane, from
where it then relaxes back to the z-direction while processing about the z-axis with Larmor
frequency. The resulting trajectory of the magnetization vector was first observed in nuclear
magnetic resonance by inserting a detection coil into the xy-plane and reading out the voltage
induced by the nuclear magnetization vector movement; this is depicted in Figure 2. The curve

depicted in fig.2.8 is called the free induction decay (FID). It generally follows a formula

Eq.1
where s is the Larmor frequency, t denotes the time variable and T is the spin-spin (transversal)

relaxation time. The first term describes a circular precession about the z-axis.

13
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Figure 2: Observable relaxation of xy magnetization Mxy after a pulsed excitation. The exponential decay
is proportional to T2. At first observed in nuclear magnetic resonance by inserting a detection coil into the

xy-plane.

The pulsed techniques are generally highly demanding on instrumentation. The introduction of a
resonant cavity precisely tuned to the specific frequency used is necessary, which brings a size
limitation to the sample; at 10 GHz, A = 3 cm, while at 300 GHz, A = 1 mm. Also, a high-power
microwave pulse source is required, which technologically limits the frequency range where the
experiment can be conducted.

In both ways Microwave absorption occurs by varying the magnetic field in a limited range
around a central value By, and the EPR spectrum in most cases consists of many absorption lines.
The following main parameters and features characterize the spectrum: the positions of the
absorptions, which are the magnetic field values at which the absorptions take place; the number,
separation, and relative intensity of the lines; and their widths and shapes. All of these parameters
and features are related to the structure of the species responsible for the spectrum, to their

interactions with the environment, and to the dynamic processes in which the species are involved.

1.2 General Theory of EPR

14
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1.2.1 Resonance Condition

Since energies are quantized, and a single unpaired electron has only two allowed energy states. It
has a state of lower energy when the moment of the electron, y, is aligned with the magnetic field
and a higher energy state when m is aligned against the magnetic field as shown in Figure 3.

An electron in an atomic orbit carries an orbital angular momentum due to its motion about the
nucleus. Associated with this angular momentum is an orbital magnetic dipole moment p,

proportional to the orbital angular momentum, which is denoted by L, in a manner,
Eq.2

where pg is the Bohr magneton, given by:

where me is the electron mass.

The electron also possesses an intrinsic mechanical angular momentum called the electron spin.
The two states are designated by the projection of the electron spin, ms, on the direction of the
magnetic field. Because the electron is a spin 1/2 particle, the parallel state has ms = -1/2 and the
antiparallel state has ms = +1/2. As shown in Figure 3 The difference between energies of the two
states (state 2 — state 1) caused by the interaction between the electron spin and the magnetic field

Bo which is explained from quantum mechanics Equation 2,3.
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Figure 3: While magnetic field is scanned, the energies of the two spin states of an unpaired electron
diverge. At the magnetic field for which the energy difference between the two electron spin states is equal

to hv for the spectrometer, there is absorption of energy by the spins, which is called resonance.

These two states, which are the projection of the electron spin, differ only in the orientation of the
angular momentum in space and not in the magnitude. Postulate of quantum mechanics states that
definite components of the spin can be determined only in a specific axis. This means that the two
spin states can be in only one axis usually around z-axis. At the absence of interactions between the
electron spin with its environment, any choice for the direction in space of the z-axis is allowed.
The electrons spin randomly, and the two states have the same energy; they are degenerate[40].

The electron spin angular momentum is associated with the magnetic moment by the formula:
Eq.4

where is Bohr’s magneton and is the Lande factor or simply the g-factor. The energy of a magnetic
moment when a constant magnetic field is applied is given by the scalar product between the

magnetic moment and the magnetic field . The total magnetic dipole momentum is then

Eq.5

In atomic systems angular momenta (Equation 5) are quantized. The spin angular momentum

obeys (Equation 6):

16



Master of Modern Electronic Technologies Loukas Belles
Development of High Temperature Electron Paramagnetic Resonance

Eq.6

where S is the spin quantum number. Then the magnetic spin quantum number mg in general
follows mS =-S5, (=S + 1), ..., +S. An electron has S = 1/2, therefore it can inhabit states given by

magnetic quantum numbers of values mg = £1/2.

Figure 4: The electron spin angular momentum is a vector represented in the figure as a solid arrow, whose
length is |S|=N(3/4) . According to quantum mechanics, when a Cartesian frame x, y, z is chosen, only a
component of the spin vector (usually assumed as the z component) has a definite value S: of either 1/2 or -

1/2.

The energy of a magnetic dipole in a static magnetic field Bp oriented along the z-axis, where By =

(0, 0, Bo) is (Equation 7)

Eq.7

If a nucleus has simultaneously even number of protons and even number of neutrons, it has no
spin value. In other cases, it has a spin and the same principles as for the electron spin apply.
Generally, the nuclei can possess spin numbers I of integer or half-integer values, and
consequently the magnetic spin quantum numbers are m; = —/, —/+1, ..., +1. This will be useful

later when we discuss hyperfine splitting.
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1.2.2 The Zeeman Effect

The Zeeman effect[41] describes splitting of energy levels of electrons with energies E> and E; as
shown in Equation 8 and nuclei induced by a static external magnetic field. The energy difference

between two spin states is

Eq. 8
from which the fundamental equation of paramagnetic resonance, the resonance condition, is
produced. This equation states that a photon can excite the spin of an electron into a higher energy

state if its energy equals the energy gap (Equation 9) between the two states:
Eq. 9

Spin comes along the z-axis as discussed earlier and therefore the scalar product reduces to a single
term if the magnetic field is applied into z-direction. This reads as:

Eq. 10

Since spin (=1/2) has two states ms =+ 12 or (T ) and ms=— 122 or (1 ) by substituting in Equation
10, we take the following expression:

Eq. 11
and

Eq.12

where ge~2 is Lande splitting factor, pg is Bohr magneton (us=9.2732x10-2! erg-gauss-') and By
the applied magnetic field, the energies of the spin states diverge linearly as the magnetic field
increases and the energy difference depends linearly on the magnetic field. But when the magnetic
field is zero the two spin states have the same energy hence there is no energy difference. As can be
seen from the equation 3 the same result could happen changing the frequencies, the two spin states

can be varied by changing the magnetic field strength, there are two potential approaches to
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obtaining spectra. The magnetic field could be held constant while the frequency of the
electromagnetic radiation is scanned.

Absorption of energy occurs when the magnetic field “tunes” the two spin states such that the
energy difference matches the energy of the applied radiation. This field is called the “field for
resonance”’. Because of difficulties in scanning microwave frequencies and because of the use of a
resonant cavity for signal detection, most EPR spectrometers operate at constant microwave
frequency and scan the magnetic field. As shown in Figure 5 before the applied magnetic field the
mg==+1/2 is at the same energy but when we apply magnetic field we have the difference of energies
which means that the absorption and the emission are equal and the populations of states in each
level of energy are going to be equal at the limit but one population in the order of 10-3 (1 out of

1000) at the lower level is going to be stable because of relaxation phenomena.

\-1_ 7 Ey = +(1/2)glus|By
NY |
X i
NS
: =
] ., i AE = glug|B,
& 2" I
T I
b TG |
Lo,
° b = —(1/2)glus1B,
B=0 B=0

Applied Magnetic Field

Figure 5: Splitting energy levels with the appliance of magnetic field.

The spectrum as we will see in next chapter is plotted as the first derivative of the absorption versus
the magnetic field. The parameter used as a fingerprint for each molecule would be the g-factor

since it’s the only factor that can remain constant at different frequencies and magnetic fields.
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It helps distinguish and identify types of samples. Using the g-factor expression is very useful

which is:
Eq.13

The g-factor is independent from the frequency v e.g. for a free electron the g factor is equal with
2.0023 no matter which frequency is used, and for that reason at EPR spectroscopy the g-factor is
more used than the magnetic field of resonance. For a system like that with 9GHz as a microwave
frequency the magnetic field resonate at approximately 3300 Gauss. In some complex systems the
real magnetic field at the paramagnetic center isn’t necessarily the externally applied static
magnetic field B. Usually there are local field Bioca, which are added to the B as shown in Figure 6

and so the magnetic field that interacts with the paramagnetic center is the Befr and its equal with:

Bett = Bres + Biocal Eq 14

Blocal

Figure 6: All the local magnetic fields Bica are added to the externally applied magnetic field B, which

interacts with the spin S.

In the case of resonance:
ge Betr Be = Av
* ge (BrestBiocal) Pe = Av
* Eq.15
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At the real EPR experiment we record the intensity of the external magnetic field where resonance
is happening (Equation 15), so the determinant g-factor (Equation 16) is the one which is

calculated by the:

Eq.16

The understanding of the origin and calculation of local field sizes is one of the main tasks in EPR

spectroscopy[42]. These fields mainly come from:

the orbital torque

the field of substituents in metal complexes

interactions with nuclear spins

interactions between neighboring paramagnetic centers.

In systems with an unpaired electron, such as organic radicals, the local fields are usually very
small and therefore the ger value for organic radicals remains close to 2. In contrast with metals
where local fields can be very strong, and usually come from the orbital torque and the effect of
substituents (ligand field). Values of gesr in metals can deviate greatly from the value g =2 e.g.,
values gerr = 9.2 and gesr = 1.6 are typical for high spin Fe** triple iron (S = 5/2) and iron-sulfur
centers (Fe-S).

1.3 The EPR Spectrum

As I mentioned earlier at the EPR experiment we record the intensity of the absorption of the

microwaves at a frequency v (Y-axis) versus the intensity of the external magnetic field (X-axis)
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and absorbance of the energy exists only when the splitting of the energy levels is equal with the

energy of the microwaves hv as shown in Figure 7.

E=1/2gB.B
(a) AE T

E=-1/2g.B.B

(b) Absorption T

hy
A
(c) 1* Derivative g‘ —

Magnetic Field, B

Figure 7: The EPR spectrum records the intensity of microwave absorption as a function of the external
magnetic field. (a) In the simplified, ideal case the absorption is monochromatic. However, in real systems
the absorption line widens (b) and absorption occurs for a field distribution. The main causes of 'widening'
are interactions with adjacent spins, and the heterogeneity of the environment of paramagnetic centers. (c)
Due to the modulation application, ‘modulation’, when the signal is detected, the first derivative of the

signal is finally recorded (b).

Firstly, the two spin states have the same energy in the absence of a magnetic field. Secondly, the
energies of the spin states diverge linearly as the magnetic field increases. These two facts have

important consequences for spectroscopy:

1) Without a magnetic field, there is no energy difference to measure.

2) The measured energy difference depends linearly on the magnetic field.

Because we can change the energy differences between the two spin states by varying the magnetic

field strength, we have an alternative means to obtain spectra. A radiation source for radar waves
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produces only a very limited spectral region. In EPR such a source is called a klystron. A so-called
X-band klystron has a spectral band width of about 8.8-9.6 GHz. This makes it impossible to
continuously vary the wavelength similarly to optical spectroscopy. It is therefore necessary to
vary the magnetic field, until the quantum of the radar waves fits between the field-induced energy
levels.

On a practical level, this absorption gives a faint signal that usually coexists with random 'noise’'.
The signal we are interested in is selectively amplified through (a) suitable amplifiers and (b) the
‘field modulation’ technique, where a small additional oscillating magnetic field is applied to the
external magnetic field at a typical frequency of 100 kHz. By detecting the peak-to-peak amplitude
the first derivative of the absorption is measured. By using phase sensitive detection only signals
with the same modulation (100 kHz) are detected. This results in higher signal to noise ratios. Note
field modulation is unique to continuous wave EPR measurements and spectra resulting from
pulsed experiments are presented as absorption profiles.

It should be noted that the application of the configuration for the detection of EPR signals results
in the eventual recording of the first derivative of the signal, Figure 7c, and not the absorption,
Figure 7b. The resonant field is easily located from the zero point of the derivative intensity. The
EPR absorption signal in this CW is a Lorentzian function, which represents the shape of the EPR

resonance line.

1.3.1 Isotropic Hyperfine Interaction in EPR

Spectrums

Many elements of the periodic table have stable isotopes with non-zero nuclear spin I e.g. 'H
(I=%), N (I=1), F (I= '4), 39Cu (I=3/2), >'V (I= 7/2) ... As an example of the effect of nuclear

spin on EPR spectra we will consider the energy levels of a system with electronic and nuclear spin
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S="2 and I= "4 respectively. The interaction between the electron spin S and the nuclear spin I leads

to the decomposition of each of the energy levels of S into 21 +1=2*1/2+1= 2 levels. The relative

energies and contributions of each magnetic interaction as shown below and in Figure 8 are:

ET, mi=t+%;

ET, mi="Y

Ei« , mi="%

EJ , mi=tY%;

Energy

+Y28. B B
= +1/2ge Be B

- -Y2g. B B
= -l/zge Be B

Zeeman

Electronic

e

Etr=

2gp.B

- I/ng Bv B
+ %8y v B

+ %gy v B
= I/ng Bv B

Zeeman

Nuclear

+ % Aiso
- % Aiso

+ % Aiso
- % Aiso

Hyperfine

Interaction

Figure 8: System energy levels with an unpaired electron S = % and nuclear spin I = Y. (e.g. hydrogen

vapor), in the presence of a strong external magnetic field B. The isotropic ultra-fine interaction is Aiso. The
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two permissible transitions A and k connect states Anms =+ 1, A = 0 and occur in magnetic fields B k, 1 =

hv/gp £ Aiso/2. The distance between the two peaks in the EPR spectrum is equal to Aiso.

The “Zeeman Electronic” and “Zeeman Nuclear” terms are used to describe the interaction of the
applied magnetic field B with the magnetic dipole moments of electronic and nuclear spin
respectively. The interaction between electronic and nuclear spin, which is called Hyperfine
Interaction and it’s defined by the size of the parameter of Ais. The permissible EPR transfers are

determined by the selection rules as shown in Equations 17a and 17b:

Amg==+ 1 Eq. 17a
Am=0 Eq. 17b

According to all above the permissible transitions have energies:

(Et, mi=+ )- (Bl , m=+12 ) = hv = ge Be B + Y5Ais0 (transition x) Eq. 18a
(E?, mi=1 )- (Bl | m=1% ) =hv=ge Be B - 2Ais0 (transition A) Eq. 18b

And the corresponding fields of resonant are:
Bk = hv/ge Be + Aiso/28eBe (transition k)  Eq. 19a
B =hv/ge Be - Aiso/28cPe (transition A)  Eq. 19b

I.e. the EPR Spectrum is characterized by two symmetrical signals which are far apart Ajso/gefe in
magnetic field units (Gauss) and when its expressed at units of energy the hyperfine split of the two
signals is equal to Ajso.

When there is a second equivalent nucleus (with the same nuclear spin I> = % and the same Ajso)
interacts with the S and then every one of the four new states is splitting by Ais/2 as shown in
Figure 9. The final states are characterized by the fotal nuclear spin which is the result of the

combination of I; and |, as:
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Figure 9: Energy levels and transitions for S = % with one or two equivalent nuclei I = %. The EPR signal

consists of three peaks. The states MI = 0 are doubly degenerate and therefore the transition signal 0 < 0

has twice the intensity of +1 — +1, -1 < -1.

As shown in Figure 9 in the case of the two nuclear spins there is a double degeneration of the

stations with MI = 0, for both ms. Due to this double degeneration the middle peak (Mi= 0) in the
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EPR spectrum has twice the intensity of M= + 1 and M= -1. For N equivalent spin [;=1/2, with
2Ii=I, the EPR spectrum will include 21+1 peaks with relative intensities given by the coefficients

of the binomial expansion (1+x)N (Pascal’s triangle) [43] as shown in Table 1.

Nuclei Number Number of lines at Relative Intensities
EPR spectrum
0 1 1
1 2 11
2 3 1 21
3 4 1 331
4 5 1 46 41
5 6 1 510 10 5 1

Table 1: A table which shows the nuclei number versus the number of lines that we will see in an EPR

spectrum and their relative intensities which are given by the binomial expansion (1+x)", Pascal’s triangle.

1.3.2 Anisotropy at EPR spectrum

The cases that been examined till now were about systems in which the interactions of the
electronic spin with the environment are isotropic. With that term is meant that the interactions that
determine the resonance fields, and therefore the spectrum, are independent of the direction of
external B with respect to the axes of symmetry of the system. On the other hand, in many systems,
especially in the solid state, these interactions are anisotropic. Typical cases of anisotropy are those

of g-factor and hyperfine interaction.
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Zeeman anisotropy refers to the phenomenon in which energy levels depend on the orientation of
the external magnetic field B with respect to the axes of symmetry of the paramagnetic center. As a
result of this anisotropy, for a paramagnetic center the value of the resonance field changes
depending on the orientation of B. If for example B in the orientation of x-axis is bigger than in the

orientation of z-axis a similar EPR spectrum as shown in Figure 10 will be shown.

138
e

Figure 10: Zeeman anisotropy: Energy levels of the system act differently for two characteristic addresses

of B, i.e. for B,> B: the peaks are varied accordingly of the orientation of the resonant field.

In the case where for the three directions X, Y, Z three different fields of resonance Bx # By # Bz
are recorded, then the Zeeman anisotropy is characterized as ‘rhombic’. When for the two
addresses e.g. Bx = By # Bz, the resonance fields coincide, Zeeman anisotropy is characterized as
‘axial’, while in the ‘isotropic’ case only one resonance field Bx = By = Bz is recorded [43]. Since
molecules are oriented in space, mixing them would make the analysis direction dependent. This is

expressed in observable parameters with the anisotropy of the g-factor. The g-factor has a set of
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principal axis system labeled as x, y and . Depending on the values of the g-factor we have different

line shapes in an EPR spectrum as shown in Figure 11.
(a) ISOTROPIC {b) AXIAL (c) AXIAL (@) RHOMBIC

-l e 0, 0, < 0, 9 =9, >0, 9, 9, # g,

d O =

o - i .
5| ' J i | l-L

MAGNETIC FIELD —s

Figure 11: Schematic representation of g-tensor and the corresponding absorption and EPR spectra.
Depending on the g-values we have different classes of anisotropy. Equal g-values in 3 directions results in
isotropic g-factor (a). An axial class has one component different than the others (b,c) . The rhombic class

has g-tensor with different components in 3 directions (d). [40]

In cases such as the solid sample or the icy solution, the paramagnetic centers have random
orientations in space. In this case the EPR spectrum comes from paramagnetic centers for which
the external magnetic field B, statistically has all possible directions. Such an EPR spectrum is
called a 'dust spectrum'.

At the case of a system with Zeeman anisotropy at the dust spectrum the tunings for all possible B
are recorded. In the case of axial symmetry (Bx = By # Bz), all the centers for which B is anywhere
on the XY plane have the same resonance field, Bi1= Bx = By, as shown in Figure 12a. The centers
where B//Z are statistically less than the centers contributing to the Bi. A continuous distribution
of EPR signal intensities is observed in intermediate orientations of B. In fact, the recorded EPR
spectrum is the outline of all absorptions, as the dashed line shows in Figure 12b.
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In the EPR experimental spectrum where the first derivative is recorded, there are only two

characteristic signals with the values of g-factor g1 = #v/B1fe and ¢, = hv/B,fe.

(aj)

(h)

J

B

Figure 12: EPR spectrum of (a) absorption and (b) first derivative of a Zeeman axial symmetry anisotropy

system for a resonance field, B1= Bx = By.

In the general case of axial symmetry, the value of g is given by the Equation 20a

get? = (g1 sinf)? + (g.c080)? (axial symmetry)

where 0 is the angle of B with the axis of symmetry Z of the system.
In the case of the rhombic symmetry is given by the Equation 20b:

ger? = (gx cosfpx) 2+ (gy cosbpy) 2 +(gzcosbsz) ?  (rhombic symmetry)
30
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As shown in Figure 13 in the EPR spectrum of the rhombic symmetry there are three characteristic

signals with values of g factor as gx =hv/BxPe, g=hv/ByPe, g2.=hv/Bzpe.

(2)

(b)i : -

o
I

B— &

Figure 13: EPR spectrum (a) absorption and (b) first derivative of a system with Zeeman anisotropy of

rhombic symmetry.

In the most general case instead of factor g, we are talking about tensor g which has main values gy,

gy, g- and can be written in table format as shown in Equation 21.

gxr 0 0
0 g 0O
0 0 g

g= Eq.21
The necessity and usefulness of this formalism is understood in the context of the Hamiltonian spin

(Hamin spin) which we discuss below.
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1.4 Spin Hamiltonian Formalism

Every spectral phenomenon requires an accurate understanding of the energy states of the system.

The problem of calculating the energy states of a quantum mechanical system is detected:

(a) in the construction of the energy operator, , known as the Hamilton operator (Equation 22)

(b) solving the problem of the eigenvalues of
lyi > = Ei |yi > Eq.22

where E; is the eigenvalues and |y; > the eigenfunctions of H. The eigenvalues E; are the
permissible system energy values. In the case of atoms or molecules the eigenfunctions |y; > are the

known atomic or molecular orbitals respectively.

The problem of the construction of the energy operator includes all the interactions that affect the
system’s energy such as Coulomb interactions between electrons, interactions of magnetic
moments (S,L,I) with the existing magnetic fields (Zeeman interactions), interactions between
magnetic moments (as hyperfine S-1, spin-orbit S-L) and more. The solution of a problem like that
can be accomplished only my numerical methods which are extremely time consuming. On the
other hand, with the approach of the Hamiltonian Spin is very efficient in making the problem

simpler. The basic cases which the Hamiltonian spin uses are:

e The phenomena observed in the EPR spectroscopy come from the lower energy state of the
system (ground state).

e This condition has no orbital degeneration i.e. we consider that L=0. The degeneration of
this condition is due to the spin. This condition seems very restrictive since the majority of
cases in the periodic table are L> 0. However, in most cases the interactions with solids

cause the phenomenon of ‘quenching’ of the orbital momentum. Thanks to the damping of
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the orbital torque, which is analyzed in the next paragraph, the lower state ends up being
characterized by L = 0 and this allows the use of the Hamiltonian spin.

e This condition is described by an ‘apparent’ Scr which is selected so that 2S.s+1 is equal to
the number of system energy levels. So a system with two energy levels is described by Sesr

=15, but for six energy levels the spin that must be used is the Hamiltonian spin of Se=5/2.

In this context, the energy operator H is constructed to contain, in addition to parameters, only spin
operators, hence the name ‘Hamiltonian of spin’.

As for the quenching of angular moment we can assume with non-zero orbital torque. In its
simplest form this is a system of p (1= 1) or d (1 =2) orbitals. In the absence of any interaction the
three p-orbitals or five d-orbitals have the same energy. In addition, there are operations of
symmetry that transform any orbital into another of the same group e.g. px in py or in pz and
similarly a d in another d orbital. Thus, in the absence of interactions, the three p-orbitals as well as
the five d-orbitals, respectively, are fully equivalent or in quantum mechanical language are 21 +
1 degenerate due to orbital torsion. In the case of interactions e.g. ionic, covalent, etc., the
equivalence of these orbitals is abolished and the degeneration is removed. In the case of d-orbital
of metal ions this removal of degeneration is due to the field of substituents (ligand field). In the
case of p-orbital to organic molecule a typical cause of removal of orbital degeneration is the
formation of bonds with adjacent p-orbitals.

In any case, the removal of orbital degeneration means that due to the interactions the levels are
characterized by degeneration 21+1 = 1, i.e. they have I = 0 hence the term ‘damping’ of the orbital
rotation.

The Simpler Hamiltonian Spin is:

H=$.S g'B Eq. 23

where S is the operator of spin, g is the tensioner g and is given by the Equation 21 and B is the
vector of the external magnetic field with Bx, By, Bz=|B| (cosés x, cosOp,y, cosfp z). That operator

is describing the Zeeman interaction between S and B, and in a more detailed way as:
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g 0 0By

H=pgls, s, s]|0 g o5

0 0 Bx Bz = H:ﬂe [SX gx BX + SYgY BY + SZgZ BZ] Eq 22

In case of S=1/2, from Equation 22 the energies i.e. the eigenvalues of H are:
E+ =1 % Be [(gx cosbpx) >+ (g cosbpy) 2 + (gz cosbzz) 2] B Eq.23
And so, from Equation 15 at the EPR experiment we have resonance at:
Ei-E=hv=p.gr B Eq.24
where
gefi = [(gx cosOpx) >+ (g cosbpy) > + (gz cosbpz) *]” Eq. 25
and so the magentic field at resonance is described by the Equation 26
In that simple way we can be driven in fast results and by adding more interactions we can
procceed to an accurate solution.
As in the case of hyperfine interaction if we use Spin Hammilotnian as shown in Equation 27 we
have:
H=p.S-g-B+p 1 g B+ 1-A-S Eq.27
where exept the electronic Zeeman interaction as before we added the Nucleic Zeeman as

mentioned earlier, by adding the term f, I - g, - B and the term of interaction between electronic and

nuclear spin, by adding I - A - S. The ultra-fine interaction tensor A is characterized by one, two or
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three main values depending on whether the ultra-fine interaction is isotropic, axial or rhombic

respectively. In the general case of rhombic symmetry, A is written as:

4, 0 0
0 4, O
A=LO 0 4, Eq.28

1.5 Calculating g-tensor based on Perturbation
Theory

The description of the g- tensor so far has been based on classical concepts which allow the
description of the basic phenomena of magnetic resonance in a relatively simple way. In this
section we will give a strictly quantum mechanical description of the tensor g which is based on the
pertrubation theory. This formality allows accurate calculations and extraction of quantitative data
from experimental EPR spectra.

In the presence of a magnetic field a system with spin S and orbital rotation L has the following

Hamiltonian:
H=p.g.-S'B+p.L-B+({ LS Eq.29

We note that is the most “reliable” Hamiltonian and not a spin Hamiltonian, since it explicitly
contains the orbital L-rotation, the real Zeeman interaction f. g - S - B, as well as the spin-orbit
interaction { L- S. When the ground state is characterized by zero orbital torque, then the terms be
L. B have no effect on the state of the system. In the language of EPR spectroscopy this means that
the resonance simply corresponds to the value of the free electron. On the contrary, the
introduction of the term { L- S causes the mixing of the higher states to the basic. Applying first
order disruptor theory the basic state | y> for spin T or ¥ is differentiated and it is presented in

Equations 30,31:
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b >y T > Z<%é_¢flg°> ly, >

b >=ly, T > - ¢Z< W"IL |% lyul >

_%gZ<Wnle+i‘Lyl wo > IW‘I')

- EN_E" 1'¥n
Eq.30
and in the same way
1 <Ly, >
s=lyd > —— mwto” Jwd >
I_ I'lvo 242,': EN_E" 1%
1 <l Ly, >
_= Al ™x -] T}
242,,: E,—E, o
Eq.31

On the basis of disturbed situations |[+> and | > the Hammiltonian A= f. g. S B + . L'B for B=B,

(B//z axis) has non zero table elements

<+  BB<t|L:+ g.S:[+> BB <+|L. + g.S:|->

<| BB <|L:+ geSi+> BB <-|L: + geS:|->

which is excactly the same with the elements of the table of spin Hammiltonian so:

H= fe Sett gett B

when we take the case of Ses=1/2

2= 2 <+‘LZ + geSZ|+>

which can be written as:
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Z<y/ Lzly, >< w |Lz|ly, >
Eq. 32

Similar relationships can be derived for the gx and gy components following a similar procedure.
The Equation 32 is one of the cornerstones of EPR theory as it allows the accurate calculation of
the apparent values g from the system’s wavefunctions.
The equation 32 states that the cause of the deviation of the values g from the value of the free
electron g is the mixing of the higher states due to the orbital rotation.
So as we understand till now the tensioners A and g are very important to the EPR expirement,
those two tensioners are determined by the wavefunction of the unpaired electron. As we saw
earlier at the Equations 21 and 28 both of those tensioners can be represented as a matrix at each
case where all the values are zero except the diagonal values of those matrixes those values are
called as main ‘values’. The diagonal shape of the arrays only occurs when they are expressed in
the axial system, known as ‘principal axes system’. The usefulness of the principal axis system lies
precisely in the fact that in this system A and g have the simple diagonal form and this greatly
facilitates the analysis of the EPR spectra. In general, finding the orientation of the main axis
system with respect to the molecular axes of symmetry is a rather complex problem. Only in
systems with high symmetry e.g. flat aromatic rings, porphyrin complexes, there is an easy
correlation of the two systemic axes.

The deviation of g from the value ge—= 2.0023 which characterizes the free electron, is
determined by the contribution of the orbital rotation to the wavefunction. Since for the s electrons

the orbital rotation is zero, values g#2.0023 occur only for systems with p or d electrons.

CHAPTER 2
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In this chapter the spin dynamics will be described and how they affect lineshape and linewidth
also, we will analyze various relaxation times that characterize the interaction of electron spins
with the surroundings (spin lattice interactions) and with each other (spin-spin interactions). In
some cases, the lifetime of the individual spin-orientation state in a radical or the spin-orientation
of the radical itself or that of a paramagnetic particle or even of a magnetic particle, may be so short
that the linewidth is affected. So, from the change of the lineshape many kinetic information can be
obtained. In other cases, the relaxation is dependent on the concentration of the paramagnetic
species; in those cases, the information can be obtained by the changes in intensity. These effects
can arise from electron exchange and transfer between molecular species, intramolecular motions,
chemical reactions and so on. Without the understanding of the linewidth effects an EPR spectrum
can be extremely difficult in understanding it. As the magnetic field approaches the region of an
absorption line, the frequency shift of the resonator first is negative, then increases rapidly through
zero at the center of an absorption line to a maximum and finally decreases asymptotically to zero.
It will be described by starting from the simplest case of statical approach and its dependence by
temperature. In that case where there are no spin dynamics Boltzmann distribution describes the
system and the signal’s intensity is affected by the difference of the populations. In the case of spin
dynamics, we have the case of spin hopping because of spins interactions, where in that case the
Bies 1s changing and the lineshape of peaks also. We will also describe the case of separated spins in
a matrix versus temperature of Mn*? ions in a matrix of CaO/CaCOs. In that case the temperature
will affect the lattice which will affect the spins and the relaxation time. Depending on how the
relaxation time changes through the changes of temperature we can get information and much it
with one of the already existing mechanisms like Curie, Raman or Orbach. At the last case we will
explain how the temperature changes a ferromagnetic material which has spin domains. On this
case when we measure materials like those, we see broad signals, but with the increase of
temperature each spin domain reorientates before the melting point and like that the linewidth is
getting smaller and the signal intensity is increasing. In Figure 14 we present the changes from an
EPR spectrum where the y-axis is showing the increase of temperature and we see that we start
from 77K where we have sharp (Lorentz type lineshape) and strong signal because of the
maximum difference of spin populations and that at RT the signal is getting smaller and wider

because of the Gauss type lineshape and again at 900K we get a sharp and strong signal.
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Figure 14: EPR spectrum on different temperatures and the change of lineshape and linewidth as we move

from 77K up to 900K.

2.1 Statical Approach - Spin Temperature and

Boltzmann Distribution

In this section the properties of a two-level spin system are examined. The system is defined as an
ensemble of spins with S = 1/2 (electrons or protons), which are isolated (direct spin-spin
interactions are negligible). A uniform external magnetic field is assumed, so the two energy levels
are separated by AE = Eupper —Elower, Where the upper” and ”lower” subscripts denote the upper and
lower energy level, respectively. Only the corresponding Zeeman term in the spin Hamiltonian is
considered, so that AE = geugBo. EPR samples consist of collections of many paramagnetic

species, and not single isolated paramagnetic centers. If the population of radicals is in
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thermodynamic equilibrium, its statistical distribution is described by the Maxwell-Boltzmann

equation 33:

Eq.33

where Nuypper, Niower 1S the number of paramagnetic centers occupying the upper energy state and the
lower state respectively, kg is the Boltzmann constant, and T is the thermodynamic temperature. At
298K, the X-band microwave frequencies (v=9.75GHz) give Nupper/Niower< 0.998, meaning that the
upper energy level has a slightly smaller population than the lower one. Therefore, transitions from
the lower to the higher level are more probable than the reverse, which is why there is a net

absorption of energy.

Eq. 34
If the spin system is subjected to a pulse of electromagnetic radiation of energy matching the
energy difference AE between the spin energy levels, the resulting EPR energy absorption by the
spins cause a change in the populations — the ratio Nupper/Niower 1S altered. The spin has gained
energy, therefore it can be considered” hot” compared to its surroundings. The spin system then
undergoes various interactions with its surroundings by which it cools down (loses energy) and its

spin temperature Ts is eventually restored to the temperature T of the surroundings.

5 E

A 4
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Figure 15: Plot of temporal decay of the extra energy oEy in the system. Here tg denotes the time of energy

influx into the system and T stands for a measure of connection of the spin system to its surroundings.

The loss of energy, considering the system receives an extra energy oEo by irradiating at time t = to,

is depicted in Fig. 15 and is also described by exponential decay
Eq.35

Where T is the characteristic time for the energy flow from the spin system into the surroundings.

This relaxation time T; reflects the degree of connection of the spin system to its surroundings.

The final state (t —o0) then is one for which Ts =T, and we note from Equation 34 that the spins

only then attain the Maxwell-Boltzmann distribution valid at temperature T.

2.2 Difference of spin population

If we examine the population difference:

AN = Niower — Nupper Eq36
as a single variable AN (B, Ts). Then
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where N = Nypper + Niower 18 to total population of spin species.

Let the probabilities per spin in unit time for upward and downward transitions be Z; and Z;. It is
assumed that the spins are isolated from each other, the differential rate law for this kinetic system

is shown in Equation 37.

The first term on the right is the rate of upward transitions and the second the rate of downward
transitions. The factor 2 appears because an upward or downward transition changes AN by 2 as

shown in Figure 16.

upper T = . P s upper=
! Hii - Nupper +1
p(v) |
¥ e ) Pl | Z/r. E Z\L
- : I ' ! NJlawerz
I"ilt)\.'urer | . 0 : Nlower =1

Figure 16: Two level spin system: Nypper and Niower are the occupancy numbers in the upper and lower
levels, Zy and Z,| are the transition probabilities per unit time for upward and downward transitions, AU is
the energy separation of the two levels, and p, is the radiation density, at frequency v= AU/h, to which the
system is exposed. In Equation 36 the factor 2 for examples for an upward transition appears because

AN,:N,[owgr — N’upper: N]ower—] — (]\Iupper+]) :AN—Z With (lpl"Ob(lbiliZ)l OfZT
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The Equation 37 can be rewritten as:

Eq.38
The spin system approaches a steady state, that is, dAN/dt = 0. Thus, from Equation 36a we obtain
that for a steady state (‘ss’):

Eq.39
and from Equation 38 for a steady state spin system, we obtain:

Eq.40
The quantity of has dimensions of time and is by definition the relaxation time 1. The equation
XXXX5 then becomes as:

Eq.41
More often one can use the approximation (i.e. from Equation 39 ANSS/N is small), so that 1;~(2Z)
-1, In that case we note that 1, is a statical parameter, not to be associated with individual spins. The
Equation 40 is a first-order kinetic equation with the solutions as shown:

Eq.42

AN(t) evolves exponentially from (AN)o toward AN® with a rate constant k;=t;-!, where 1 is now

seen to be the time that is required for AN to change by [ANSS-(AN)¢][1-e-!]. From the definition of
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71 as the inverse of the sum of the transition probabilities per unit time (Equation 41), it is clear that
11 is related to the mean lifetime of a given spin-orientation state. This lifetime limitation has an
effect on linewidth. All quantum-mechanical transitions have a limiting non-zero spectral width,
called lifetime broadening, which arises from the finite lifetime of any excited state. That width is
numerical and spreads to Heisenberg uncertainly principle where in general 6t*0E > h/2, where 0E
is the uncertainty in the energy of the system due to the non-zero probability Z per second of its
decay and t=Z-! is its mean lifetime. The quantity |3E|= h/(27) is called the width of the energy
level considered. For example, if t1;=10-"s=1 ns, then [5E|~10-% J or Av=108sec-!, corresponding to
EPR linewidth of about 6.0 mT=60 Gauss. Lifetime broadening is one of the contributions to the

homogeneous linewidth and defines the minimum linewidth for a given system.

2.3 Relaxation time and Mechanism of 11

The nature of the transition probabilities Z; and Z| can be explained by several mechanisms which

can contribute to these terms, as expressed by the Equations XXX.

Eq. 43a
Eq. 43b

where py is the time-averaged radiation density[42] to which the spin system is exposed, W1 and
W, are the upward and downward probabilities per unit time for transitions induced by the
surroundings (i.e., the lattice), Ay is the Einstein coefficient for spontaneous photon emission, and
Bu and By, are the Einstein coefficients for stimulated emission and absorption, here applied to
magnetic dipole transitions (note that By=Biy).

So by substituting Equation 43a and Equation 43b into Equation 40 and Equation 41, we obtain the

following equations:
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and

Eq. 44

Eq. 45

We note that 1-' can be regarded as the sum Zi(t1i)-! over distinct relaxation mechanisms. We

consider the following cases:

A) The spin system is removed from its surroundings, including impinging radiation [44].

B)

0

Then the B and W terms in Equations 44 and 45 are zero. Thus, AN decays with a rate
constant t;= Ay-'. In this case 11 is very long (10* years for EPR when field B=1 T, for a set
of uncorrelated spins), but eventually (t —o0) the system decays to AN*= N, that is, with no
spins in the upper level. In other words, the temperature of the surroundings is effectively 0

K.

The isolated spin system is exposed to radiation from a source at temperature T. Now the B
terms in Equations 44 and 45 are non-zero. When the source is a blackbody, then py is given
by the Planck blackbody law. Now the spin system comes to equilibrium with the radiation
source at temperature T, even though there are no other surroundings. Thus, the final ratio
Nw/N; of the spin populations is given by Equation 34 with Ts=T. However, at 3 K [44] 11 is
still very long (now about 10° years). When the source furnishes an excitation field B1
oscillating at a well-defined frequency, the spins attain a value of Ts, which can be said to

define the effective temperature of that source.

The normal surroundings (electrons and nuclei) are now restored, so that the probability
terms W are present and dominate in Equations 44 and 45. The relaxation of the spin
system, with the spin-lattice relaxation time t; [45], occurs primarily through electron-spin
flips induced by dynamic interactions with the surrounding matter (‘lattice”). This can be
anything from the molecule itself to the surrounding solvent or lattice (if in a crystalline

solid—hence the origin of the name). The lattice generally can be assumed to have infinite
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heat capacity, so that its temperature can be taken as constant throughout the EPR
experiment. Approach of 1; to zero now implies approach to thermal equilibrium between

the spins and the lattice, that is, ‘instant’ energy transport from py to the latter.

If the radiation density (pv) term dominates in Z; and Z, then these become equal and
AN—AN»— 0 (Equations 42 and 44). Hence there will be no net absorption of radiation by
the spins; that is, the EPR signal disappears. This important tendency is called ‘power
saturation’, and points to the importance of having an adequate spin-lattice relaxation

mechanism and of applying only a moderate B; field.

Experimentally, t; values are typically about 1ms so that the W terms must be of the order
of 108 s-! . Since Ay =3 10-!%s-!, Ay can be neglected compared to the W terms. The 2Bupy
term can be made as large or small as desired according to the intensity of the exciting
radiation. When this term increases and becomes greater than the W terms, the system is
said to approach saturation. For the moment we assume that the system is not saturated (so
that Zy= Wy and Z,= W)).

Typically, the transitions between the spin levels are stimulated by fluctuations in local
magnetic fields arising from motions of the spin-bearing molecules or of the surrounding
structure. These fluctuations have a spectrum of frequencies that range over many orders of
magnitude with varying intensities (a spectral density). However, only those fluctuations

with a frequency that matches the EPR frequency are capable of inducing transitions.

2.4 Spin Relaxation: Bloch Model

In a solid to describe spin relaxation we will use Bloch equations [46] that describe the time
dependence of the total spin magnetization vector M in the presence of static and oscillating

magnetic fields externally applied. The usage of the Bloch equations is happening because they:
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e Furnish a visual and intuitive model, in terms of vectors and torques, of the magnetic-
resonance phenomenon. This is especially helpful when an understanding of the effects of
microwave pulses in EPR is required. An introduction to the rotating frame also ensues.

e simplify the very complex subject of the spin interaction with the atomic surroundings by
gathering together these aspects into just two empirical parameters, the relaxation times 1
and 1.

e introduce the important concepts of absorption and dispersion.

e Lead gracefully into the topic of interconversion between two ensembles of different spin-

state populations, for example, chemical exchange.

The Bloch equations apply to any pair of energy levels, more or less adequately, of course, they
have limitations in their usefulness, they are a set of macroscopic equations that are used to
calculate the nuclear magnetization M = (Mx, My, M) as a function of time when relaxation times
11 and 17 are present. These are phenomenological equations that were introduced by Felix Bloch in

1946 [46)].
2.5 Magnetization in a Static Magnetic Field

In the absence of an external magnetic field, the bulk magnetization M, if present, is fixed in space,
with components Mx, My and Mz in an arbitrary cartesian coordinate system. When the ensemble
of magnetic moments is exposed to a static and homogeneous magnetic field B, in the absence of
relaxation, it is in a dynamic equilibrium [47]. However, here M is not fixed in space, moving
according to the equation of motion so:

Eq.46
where 7. is the electronic magnetogyric ratio, equal to gBc/h. Let’s assume that B is along with z-

axis the Equations XXXXX-XXXXX can be obtained as shown below.

Eq.47a
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Eq.47b

Eq.47c

with solutions:

Eq. 48a

Eq. 48b

Eq. 48c

to these equations reveal that M processes about B with an angular frequency wp=-y.B (the
classical Larmor frequency) if is non-zero. The longitudinal magnetization M, is constant. Here
the field was taken to be static; the effects of modulating it sinusoidally lead to more complex
solutions.

As mentioned earlier the Bloch equations include relaxation effects. If the system is subjected
to a sudden change in the magnitude and/or direction of B, then My, My and M, (referenced to the
new field direction) in general relax to their new equilibrium values at different rates. For instance,
if the magnetic field is suddenly turned on (B=0 at t=to), then AN initially is 0 and it as well as the
component M, follow an exponential rise with time.

By also assuming (as is usual) that the transverse components My and My relax with the same
rate constant, which is the inverse of a new characteristic time 1> called the transverse relaxation

time. Thus:

Eq. 49a

Eq. 49b

Eq. 49¢
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The solutions of these empirical equations feature the decay of the components My and My, to zero.
Note that both 11 and 1 in the Bloch formulation are empirical bulk (ensemble) properties. Note
that in the absence of relaxation effects i.e., T1 and 12 equal to o and hence we retrieve the

Equations 47a-47c.

2.6 Magnetization in an Oscillating Magnetic Field

In the case of an oscillating magnetic field By with the components as shown below:

Bix=Bicos(wt) Eq.50a
Biy=Bisin(wt) Eq.50b
B1~=0 Eq.50c

we take o to be positive and with the use of the above B components we take the complete

equations of motion (the Bloch equations) which are [46]:

Eq.51a

Eq.51b

Eq.51c

49



Master of Modern Electronic Technologies Loukas Belles
Development of High Temperature Electron Paramagnetic Resonance

Because M is continuously precessing about B, it is easier to visualize the time dependence of M if
we transform to a coordinate frame that is rotating about z (azimuthal angle ¢) at the angular
frequency @ with the same sense as that of B; taking the new x axis x¢ to be along Bi. The
components of M in this new coordinate frame are called Myy, My, and M. The Bloch equations in

the rotating frame then are:

Eq.52a

Eq.52b

Eq.52¢

where wg- -y.B. The energy of the spin moment in a magnetic field depends on the rotational frame

selected; that is, the fields seen by the particle differ. It turns out that the spin temperature Ts and

also the spin-lattice relaxation time 11 are somewhat dependent on the rotational speed.

The transverse magnetization can be defined in Equation 53 as:

Eq.53
if the equation 54 is combined to yield then:

Eq.54
where,

Eq.55
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Equations 52 (a-c) are a set of coupled linear differential equations with constant coefficients and

can be solved in a straightforward manner. The steady-state solutions are

Eq.56a

Eq.56b

Eq.56¢

Note that the response My is in phase with Bi, whereas My, is 90° out of phase. The magnitudes of
My and My, tend to be small compared to that of M. For sufficiently small values of B, the last
term in each denominator may be neglected. This power-saturation term predicts that M vanishes
as B1 (i.e., pv) increases indefinitely [48]. The solutions in Equations 56 apply only for a field By
rotating in the same sense as M. The usual experimental setup has By oscillating linearly in the
(say) x direction, with Bix only non-zero term as (B1x=2Bicos(wt)) and ® taken positive, that term
of course can be decomposed in two equal-magnitude and oppositely rotating fields as shown in

the Equation 57 below:

B1= Bi(+)+ B1(-)=Bi(cos(mt)i+sin(wt)j)+Bi(cos(mt)i-sin(wt)j) Eq.57

where B1(+) rotates in the same direction as the Larmor precession, so that ms-o is small and the
resonance effects predicted by Equations 56. However, B1(-) rotates in the opposite direction, and
its effects being small are neglected herein. The effects of the imposition of the oscillating field By
are often described in terms of dynamic (volume) susceptibilities x’ and x’’ (often called the

‘Bloch susceptibilities’).

x =+KpoMxe/Bi Eq.58

51



Master of Modern Electronic Technologies Loukas Belles
Development of High Temperature Electron Paramagnetic Resonance

2 =KpoMyo/B1 Eq.59

where « is the relative permeability of the medium and B; the amplitude of the linearly polarized

magnetic field. Thus, by combing the Equation 59 and Equations 56 the below Equations are:

Eq.60

Eq.61

where y° is the static magnetic susceptibility kpoNyg?Be?/4ksT and T the lattice temperature. Note

that y”’=y’/[(wB-®)12] and that both depend on B as well as on B, via the power-saturation term

[49].
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Figure 17: The in-phase (x’) and out-phase (y’’) components of the dynamic magnetic susceptibility versus

the angular frequency deviation.
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The EPR absorption signal is proportional to the component of the magnetization measured
perpendicular to B, which is My, obtained by solving Equation 52 (a-c). If the perturbation
attributable to the microwave field is a continuous one and it is small, the Bloch equations are
solved in the stationary regime by placing the time derivatives of the magnetization components

equal to zero. In this CW regime the solution for My is:

Eq.62

From Equation 61 which is a function of o called Lorentzian function, which represents the shape
of the EPR resonance line. The width of the line is inversely proportional to relaxation time 1

(Equation 62).

2.7 LINEWIDTHS

Every spin is a Lorentzian function, but the total spectra of Y(w-wg) is a normalized Lorentzian
function and the power P, absorbed by the linearly polarized excitation field per unit sample

volume [50] is:

Eq.63
Hence by combining the Equation X555 and Equation 60 and 61 the final equation is as below:
Eq.64

Depends on the experimental conditions i.e. on the applied magnetic field B; via the linewidth as

shown in Equation 64.
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Eq.65

The increase in linewidth as saturation sets in can be discussed in terms of ‘lifetime broadening’.
Increasing the microwave power produces spin transitions at a faster rate and hence decreases the
mean spin-orientation lifetime. As B; becomes very large, 11 becomes proportional to Bi-> and
hence I" becomes insensitive to By (when 12 is non-zero).
As long as the term <<I, the saturation term can be neglected, and both P and dP/dB are
proportional to B12. When the absorption line is strongly saturated i.e. >>1, according to the Bloch
theory, both ¥’ and y’* decrease with increasing power Py and P, becomes constant. However, the
theory fails for Bi>B and 11#12 as in solids. All the equations here are written in terms of ® and ws,
though in EPR, o is held constant and B is scanned. It is easy to switch to B as the variable [50]
with =g (resonance state) held fixed; now g is the angular frequency at a particular value B as
given by the resonance condition. So by switching to field sweep conditions, the lineshape
function, now Y(B-Brs), is a Lorentzian with half width at half-height given by:

Eq.66

Linewidths can be classified as homogeneously broadened and in-homogeneously broadened.

2.7.1 Homogeneous Broadening of Linewidth

At homogeneous line broadening for a set of spins occurs when all these see the same net
magnetic field and have the same spin-Hamiltonian parameters. (More correctly, the local fields
need not be identical at any one instant but need only give the same time averaged field over
sufficiently short intervals.) This means that the lineshape (i.e., the transition probability as a
function of magnetic field) is the same for each dipole. The resulting line usually has a Lorentzian
shape This is in accord with the predicted Bloch absorption lineshape as we mentioned earlier,
which is Lorentzian with a linewidth (half-width at half-height) in frequency ® units of 7.-! under

non-saturating conditions. In general, an effective 1, can be defined by equating it to |ky.I'|-! where
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I' (mT or G) now is the half the linewidth at half-height in the absence of microwave power
saturation and « is a factor that depends on the lineshape (for example for Lorentzian lines k=1 and

for Gaussian lines x=(r In2)'?).

Spin-Spin Interaction

To visualize one possible contribution to 12, one can return to consideration of the individual spins.
It has been established that 12 often is a measure of the interaction between spins. In this case, on
one hand if o= it means that the spins are completely isolated from each other, on the other hand
whereas 1,=0 implies very strong coupling, such that there are no local variations in the spin

temperature.

The spins can interact via magnetic dipolar coupling. Note that mutual spin flips of paired spins
cause no change in energy of the spin system but do affect the lifetime (11) of each spin. The
propagation of magnetization through the lattice via such flips, called spin diffusion, causes
equilibration to the same spin temperature throughout the system of equivalent spins; 12 is a
measure of this rate.

Another model invoking random sudden fast events considers collisions (e.g., in gas-phase
radicals) that reorient the spin magnetic moments. This leads to Bloch type equations where now
T1=T2 is the mean time period between collisions.

As we mentioned earlier in Equation 64 the linewidth is determined by adding term in the equation

so the new one will be:

Eq.67

The lifetime broadening produced by the first term is missing in the Bloch formulation (which
predicts a Dirac d-function absorption in the limit 1o—o).
In the absence of nuclear and/or paramagnetic electron motions, it is expected that the width of the

EPR lines should not change drastically as a function of temperature below room temperature.
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However the expansion of the material’s lattice should be taken into account, since T , where re-x
is the average distance between a paramagnetic electron and its nearest-neighbor paramagnetic

electron, it follows that:
Eq.68

where a a is the linear expansion coefficient.

2.7.2 In-Homogeneous Broadening of Linewidth

At in-homogeneous broadening the line-broadening mechanism distributes the resonance
frequencies over an unresolved band, without broadening the lines arising from individual
equivalent spins. Generally, the unpaired electrons in a sample are not all subjected to exactly the
same B values. Thus, at any given time, only a small fraction of the spins is in resonance as the
external magnetic field is swept through the ‘line’. The observed line is then a superposition of a
large number of individual components (referred to as ‘spin packets’), each slightly shifted from
the others. The resultant envelope often has approximately a Gaussian shape as shown in Figure 18
above [51]. It thus is possible to choose Bi so as to power saturate some selected portion of the EPR

line, decreasing its intensity there (this is known as ‘hole burning’).

Some causes of in-homogeneous broadening for a given spin (chemical) species:

1. An inhomogeneous external magnetic field.

2. Anisotropic interactions in randomly oriented systems in the solid state. Here the
distribution of local magnetic fields resulting from the anisotropic g and hyperfine
interactions gives rise to the inhomogeneity.

3. Dipolar interactions with other fixed paramagnetic centers. These may impose a random
local field at a given unpaired electron, arising from dipolar fields from other electron

spins.
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Any dynamic process in and around the paramagnetic center can cause lineshape effects. Some
such processes are hindered rotation, tumbling of the molecule in a viscous liquid, interactions
with other paramagnetic species and chemical reactions (e.g., acid-base equilibria and electron-
transfer reactions). This broadening arises from dynamic fluctuations in the local field at the
unpaired electron(s). If the changes occur sufficiently slowly, one observes lines assignable to
distinct species (e.g., conformers). However, as the rate of fluctuations increases, the EPR lines
broaden and finally coalesce into a single line (or set of lines), the position of which is the weighted

average of the original line positions.

Consider that a radical can exist in either of two distinct forms or environments, a and b (i.e., each
has a distinctive EPR spectrum). For the sake of simplicity, assume that the probabilities for these
forms are f, and f, (where fat+tb = 1) and that each form gives rise to a single EPR line of
Lorentzian shape, one at resonance field B, and the other at a higher field By as shown in Figure 18.
The line separation is ABo = By - Ba and often depends on B. In other words, the two species
generally have different g factors. When we use the word slow or fast, we mean interconversion
rates (e.g., local magnetic-field fluctuations) that are slow or fast compared to the characteristic
parameter |ycABo|. The actual time taken for a molecule to react to such an event is assumed to be
very short compared to the inverse of this.

Relaxation times t2a and 12p represent the inverse linewidths for forms a and b in the absence of
dynamic processes (and of power saturation). These are taken to be independent of temperature.

We note that vy, # v, implies ga # gb.
Eq.69
and the total complex transverse magnetization G is then given by:

Eq.70
where a, are complex numbers. Consistent with the chemical balance condition fuk.~fvks, the

population fractions obey the relations fo=T./(Ta+1) and fy= /(Ta+1). By using t,-'=k, as well as

Tp-'=kp and by defining an inverse lifetime t-'= 14-'+ -1,
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The functions G, and Gp can be considered in the same sense as concentrations in chemical
kinetics.
Thus, for the reaction :

The Equation 69 can be rewritten now as shown below (Equation 70):

Eq.71

T=0
k-

coalescence
(d)

-

O
- e
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Figure 18: Synthetic first-derivative spectra showing the effect of increasing rate of interconversion
between species a and b of an unpaired-electron species: (a) slow-rate limit (-—x); (b) moderately slow
rate ©>>|4By| ; (c) faster rate showing spectral lineshifts; (d) coalescence point; (e) fast-rate limit (t—0) ,

where it was assumed that ['ya=1os(=1y) and that fo,=fp.

Now we will explain each of the cases shown in Figure 18 that shows the effect of increasing rate

of interconversion between species a and b of an unpaired-electron species.
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We start with Slow Dynamics, as shown in Figure 18a, where lifetimes 1, and 1, are long
compared to |y.ABo|-! and because of that we expect two separate lines. For instance, when

B is near B, =-®/yq, and G,=0 that line shape is Lorentzian with an absorption half-width at
half-height of:

Co=LoatYoTo/-! Eq.72
where 1, is the average lifetime of the form a. There is an exactly analogous lineshape
expression for b form. At Figure 18b we see that each line is broadened (but not shifted) by
the onset of the dynamic process. By measuring the increase in linewidth, one can

determine the rate constants for the dynamic process.

Also, for the Intermediate Dynamics, as the system progresses from the slow-rate region
into the intermediate region, the two lines are seen not only to broaden but also to shift

inward as shown in Figure 18c. one can derive that the separation of the two lines is given

[21] by

Eq.73

valid when the first right-hand term dominates. Eventually, the two lines coalesce into a
single broad line centered at as shown in Figure 18d. The coalescence point (defined as the
point at which the second derivative of the absorption changes sign at B=) is found to occur

at a t value, as shown below as:

Eq.74

Note that this value (which is in s rad-!, since yB is an angular frequency) generally
depends on the measurement frequency used, since ABo does. The coalescence
phenomenon is a manifestation of the lifetime-broadening relation. If one writes this as

AtAo = 1, where Ao is the separation of the two lines in angular frequency units, then At
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represents the smallest average time period during which the states a and b may be
distinguished. If the lifetime 1 is less than At, then only one central line is observed, since

the two states cannot be distinguished.

e Now, when the two forms are interchanging very rapidly, such that 1, and 1y, are very short
the t terms can be neglected and the line shape is Lorentzian with an absorption half-width

at half-height is given as:

Eq.75

where the weight average is:

Eq.76

Eq.77

and represents a Lorentzian line of width (half-width at half-height) which is centered at A
more detailed analysis shows that, as the system approaches the fast limit, the lineshape is
centered at B with a Lorentzian lineshape, as shown in Figure 17e but that the linewidth is

given by:

Eq.78

Thus, again kinetic rate constants can be obtained from the changes in the linewidth of the

single line.

We see, then, that EPR spectroscopy can yield rate data even for a chemical system in a steady-

state condition. Thus, via lineshape simulations (usually produced by computer) of spectra taken
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over an appropriate range of temperatures T and using the exact formula for im[G(t)], one can
assemble an Arrhenius plot of In(z-!) versus T-!, the slope of which yields the activation energy for
the chemical process at hand. Linewidths I'o, and I'op must be known and must not be too
temperature-sensitive; the same is true for the equilibrium constant K=f,/fy,, obtainable from the
relative areas of the absorption curves available until they merge.

When there is observable zero-field splitting (e.g., hyperfine effects at either site), the
Bloch formalism for the EPR lineshape of chemically or physically dynamic species is not

adequate.

2.7.3 Why we need High Temperature EPR?

The temperature is a factor that influences the magnetic characteristics of a material. With the
increase of the temperature, the vibrations in the lattice are also increased and so the magnetic
torques of the atoms are free to rotate faster till the point where they disorganize and so the material
loses its magnetism. The temperature that the ferromagnetic materials lose their magnetism is
called Curie Temperature (Tc) and above T. they behave as paramagnetic. All the magnetic
phenomena that can happen at a material can be changed if we change the size, at the nanoscale,
new magnetic phenomena are popping up like the superparamagnetism [52]. More specifically
superparamagnetism is the result of the influence of the size to the magnetic properties of the
materials and it exists when the size is getting tiny. Superparamagnetism is a property that is
appearing at a single domain of magnetic particles. In general, when a magnetic field is applied to
the magnetic material, the Weiss walls are moved and so the materials magnetism is changing, at
the nanoscale though the Weiss wall construction isn’t favored energetically and so the material is
characterized as single domain. The thermal energy (kgT) increases the thermal interactions and
under a critical size dritical that energy is greater than the energy of magnetic anisotropy (as shown
in Figure 19), which is the ability of a material to be magnetized under an applied magnetic field
and its depended of the direction that its measured. At nanomaterials the magnetic anisotropy is

happening for two reasons: firstly, at the coupling of the magnetic torques of the electrons with the
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potential of the crystalline lattice and secondly the nanomaterials don’t have a sphere shape and the

orientation of the magnetism is favored to the direction of the bigger axis.

d>d

critical

d<d

critical

Thermal energy (kgT)

Y

Figure 19: Magnetic anisotropy versus thermal energy with the decrease of the nanomaterial’s size.

The time between the change between two magnetic torques changes is called relaxation time and

is known as Neel relaxation and is calculated by the Equation 79, as shown below:

Eq.79

where 1 is the characteristic time of the material as for example for maghemite (y-Fe>Os3 that time
is 10-° sec= Ins). The temperature where the material is transferring from the ferromagnetic to the
superparamagnetic status is called blocking temperature.

Another factor who influences the magnetic properties at the nanoscale is the surface anisotropy
[REF], which is based on the number of unit cells of the surface of the nanomaterial versus their
number inside. As the size of the nanoparticle is decreased the percentage of the surface lattices is
increased and vice versa.

For many studies it is necessary to vary the temperature of the sample. Temperature control may be

needed to hold a sample in a well-defined state of equilibrium or to study at a series of
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temperatures. Cryogenic temperatures may be needed for transition metal ions with short
relaxation times such that lines are too broad to detect at 298 K.
For substances that obey the Curie law, susceptibility is proportional to 1/T with T in K. This
includes most S=1/2 species except those with thermally accessible excited states. The relative
population of two energy levels, such as the two energy levels of an electron spin in a magnetic
field, is given by the Boltzmann distribution function as presented earlier.
As is shown in standard texts, the ratio of spins in the high-energy state to those in the low-energy
state is:

Eq.80
Since the population difference is very small, the difference in populations that is measured in EPR
above 4 K, is accurately approximated as ggB/2kT. Since the energy level differences are very
small, at X-band and above 4 K it is a reasonable approximation to say that the spin magnetic

moment is:

Eq.81

Hence, relative intensities of signals that are not power saturated can be corrected for the
Boltzmann population effect by multiplying by the ratio of the temperatures. The importance for
quantitative EPR is that in variable temperature studies if all changes in Q, etc., have been
accounted for, the EPR integrated intensity multiplied by the absolute temperature should be
constant. This calculation is a good check to perform on VT EPR studies. Deviations could be due
to violation of the assumption of independent spin behavior, or to partial saturation of some of the
spectra. Large changes in temperature also result in changes in the bulk magnetization for
interacting spin systems. Crippa et al. (1971) reported the temperature dependence of the
integrated EPR intensity for DPPH, Varian pitch, and lignite. The ratio of the areas depends on the

temperature because these samples exhibit different magnetic behaviors.
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2.8 Line-Broadening-Shape Mechanisms

Connection with Temperature

Some reasons of changing EPR spectral lineshape are the thermal effects and that’s why under
certain conditions, linewidths can vary with temperature, and from one line to another in a given
spectrum. The result is a departure of the proportionality between the first-derivative amplitude
and the line intensity since the derivative amplitude is inversely proportional to the square of the
linewidth. Thus, small changes in linewidths can cause large changes in the relative amplitudes of
various lines in the spectrum.
The paramagnetic electron spin-lattice relaxation time is an indicator of the strength of the thermal
contact between the paramagnetic electron spin system and the heat reservoir, i.e., the lattice. REE
There are several mechanisms by which the spin-lattice interaction can take place in condensed
phases and help in understanding the dependence of temperature versus the relaxation time.
They all involve interaction of the spin system with vibrations (phonons) of the lattice. The phonon
density in the lattice obeys a Boltzmann distribution law. Thus, there is a slightly higher phonon
density at the energy of the lower energy level than at the energy of the upper level. This is the
origin of the inequality in the W probabilities. The detailed description of the specific interactions
leading to 1 is beyond the scope of this book, but the following are some of the most important
mechanisms:
The most important and most used mechanisms for such interactions leading to 1 are the following
[53]:
1. Direct Process or Curie Process. This involves direct phonon-assisted non-radiative
transitions between the spin levels. In the high-temperature approximation (hv/kgT << 1),
which is valid for almost all experimental conditions, 1, is predicted to vary as B-* T-! for S
= 1/2 systems and as B-?> T-! for S > 1 2 systems. This mechanism is found to be dominant
only at very low temperatures.
2. Raman Process. As with Raman processes in electronic spectroscopy, this process
involves ‘virtual’ excitation followed by deexcitation to phonon states much higher in

energy than the spin levels. Depending on the details of the interaction, the temperature
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dependence of 1 can vary from T-> to T-°, and thus this process becomes increasingly more
important as the temperature increases.

3. Orbach Process. If a low-lying spin level exists at an energy A above the ground manifold,
a Raman process involving that state can dominate the spin-lattice relaxation. In this case 11
is predicted to vary as exp(A/kgT), from which A can be obtained. This process was first

described by Orbach.

DIRECT PROCESS

When a crystal lattice vibrates, the interatomic distances are modulated at the frequency of the
lattice vibration, resulting in an oscillating magnetic field. Those lattice vibrations with a
frequency at the Larmor frequency of the electrons can induce a flip of an electron spin. This

process, referred to as the direct process, results in a spin-lattice relaxation rate given by REF

Eq.82

where p is the mass density, v the oscillator frequency, uo the velocity of sound in crystal, ro the

lattice separation and B the Bohr magneton. In order to connect the Equation 81 it follows that:
Eq.82

where Hy is the magnitude of the external magnetic field. The direct process is a weak relaxation
mechanism, since the acoustic spectrum of a solid at ~ 10!° Hz is weak and acoustic waves of this
frequency have long wavelengths, in contrast with the relatively small displacements of atoms. For
example, in diamond the speed of sound is relatively high (-1.33 x 10° m/s) [54] and the u’
dependence of the relaxation rate results in a low relaxation rate. Substituting the relevant values,
yields Ti=10%s at 4.3 K.

As a result, in the direct process where a single lattice phonon causes a flip of an electron, leading

to a linear dependence of the relaxation rate on temperature when:

T>>hwo /k
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where wy is the electron Larmor frequency as mentioned earlier. Depending on the details of

the interaction, the temperature dependence of t; is T-! as shown in Figure 20a.

RAMAN PROCESS

The Raman process or two-photon process involves the inelastic scattering of a higher frequency
lattice phonon by the flipping electron spin. when a phonon n is scattered by a paramagnetic
impurity, and the difference between initial and final phonon energies is equal to /wg. The
relaxation rate is proportional to the seventh power of the temperature below the Debye
temperature [55], but within a multiplet of closely spaced levels, the relaxation rate could be
proportional to the fifth power of the temperature. At temperatures T<<6p, where 0p is the Debye

temperature of the crystal the relaxation time rate is given by:
Eq.83

The relaxation rate is now proportional to the tenth power of the speed of sound in the crystal. For
example, for diamond, in order to understand the difference of mechanisms, the relatively high
speed of sound will result in a relatively low relaxation rate for the Raman process. Substitution of
the relevant values yields T1=100 s at 300 K. Depending on the details of the interaction, the

temperature dependence of 1 can vary from T-° to T-? as shown in Figure 20b.

ORBAN PROCESS

The Orbach process could be effective in systems with more than two energy levels [47]. A phonon
with energy A results in a transition between two energy levels with a separation A. The electron
then makes a transition to a level with an energy A+wmo lower than that of the previous level and a

phonon with energy A+wmy is emitted. The relaxation rate is given by:

Eq.84
where K is a constant.
Depending on the details of the interaction, the temperature dependence of 1) can vary from T-° to

T-'! as shown in Figure 20c.
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Figure 20: Relaxation time plotted as a function of temperature for the most common mechanism where (a)

is for the Curie or direct process mechanism, (b) is for the Raman process from T-> to T-° and (c) is for the

Orbach mechanism as explained.

For the analysis of a High Temperature EPR spectrum there are several key-parameters that have to

be considered. Those parameters are presented below:

e The linewidth change (4H),

e lineshape factor (S. Lorentzian/Gaussian factor) change,

o the signal’s intensity (/) change.

We will show in figures the meaning of those factors and the differences for each one in order
to connect that information with our experimental data.
First of all, in an EPR spectrum the change on the linewidth can give us a lot information about the
material. Overall, at the High Temperature EPR the increase of temperature the linewidth surely
will change and the temperature region where that change becomes apparent as T approaches the
Tn [56], the size of the linewidth change might be from some Gauss up to hundreds of Gauss as
shown in Figure 21, where two H.T EPR spectrums are presented. The black one is at room

temperature (300K) and the red one is measured in-situ at 450K. It is an important factor in
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determining whether or not, in a crystal of a given magnetic symmetry, where a critical-like

divergence will be manifest.
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Figure 21: In this Figure we show the change of one of the factors-parameters in a material due to the
temperature change as it starts from room temperature and moving to the 450K, the linewidth is changing

from 864.57G to 549.93G where the black is at RT and the red at 450K.

For the other two factors we have to take in account other parameters too, like spin
dynamics as mentioned before. As for the intensity, in the simplest case where there are no spin
dynamics and when we have isolated spins the signal’s intensity is the difference of spin
populations as we showed earlier in the static case of dynamics as shown in the equation XXXXX.
In order for that to be more understandable we constructed some figures to explain the changes of
spin populations as shown in Figures 22 (a-c). In these figures we show graphically that the

3

difference of the populations increases or decreases signal’s intensity, i.e. when the “upper”
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populations are max the maximum signal intensity is received by the detector and when they are

equal, i.e. their difference is equal to zero, the signal is also zero.
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Figure 22: In this series of Figures a-c we show the change of intensity versus the difference of spin
populations in (a) we demonstrate the case of measuring at RT, in (b) we demonstrate the case where we
have a system (like ferromagnetic materials) in which with the increase of the temperature the difference
population is getting to its peak and we have increased signal’s intensity the same figure could be used for
4K with he difference that the signal will be bigger, in (c) we have the case in which the temperature doesn’t
matter because the spin populations is equal to zero and so the absorption will be zero and so the first
derivative which is the signal. Its case is a simulation to show the importance of the difference between spin

populations.

It has been proved via the Figure 22 that the temperature changes may not change the H.T. EPR
signal but the difference of spin populations may increase it or decrease it, that’s happening in a
system though with isolated spins in a matrix for example in natural marble. In all systems though
when temperature is decreasing down to 4K the signal’s intensity is increasing while temperature
is increasing the signal’s intensity will be smaller that’s because of the populations difference and

the relaxation time of the system, as shown in Figure 23 below.
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Figure 23: In this Figure we show the dependence of temperature versus signal intensity, which is
dependent of the difference of populations as we explained in Figure 22, also here we can see that when we
measure in 4K we receive the 0.9 or 90% of maximum signal intensity because the relaxation time is smaller
and the difference of spin populations is bigger, while in RT the intensity is much smaller because the
relaxation time is faster and the difference of spin populations is smaller. The line that each material
follows depends on the material, for example a radical will get destroyed near 360K (depending on the
radical), near its melting point the intensity will be near zero because the rings will get destroyed, a marble
for example with melting point 1 100K will have a curve like the one shown here in which the line will start to

decrease in a temperature near Neel’s temperature point.

Now in our set-up we are able to control digitally all that temperature range starting from room
temperature and up to 1350K. In our results we will show some materials that follow that line. Its
important to understand the case we investigate and what to expect and at which point of
temperature. We can take many information by all the parameters that we analyze here. The

intensity factor versus temperature will be discussed in Figure 24.
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Figure 24: An EPR simulated spectrum which shows the absorbance (first) in three different temperatures,

4K, 77K and 300K. Below the first derivative of absorbance is presented as the signal that we would take in

real EPR experiment.
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The total lineshape of an EPR signal can be a Gaus, a Lorentzian or a mix of both, in general. That’s
because every spin has a Lorentzian character and lineshape. Let’s assume that we have a material
which at a constant temperature, the spin populations are matched like those at the Figure 25
below. For the example we chose three packs of spins A, B and C, in order to simulate each signal

of those packs.

upper

—9 0 0 00 00 0 0 0
Niower

Figure 25: In this Figure we show a case of difference of populations at constant temperature, in order to
show the changing of lineshape, therefore three packs of spins A, B and C, in order to simulate each signal

of those packs in next Figure 26.

Therefore, the difference of spin populations will give a signal at the EPR spectrum at a
constant temperature. For that example, the center of resonance will be 3405.9G we expect three
different Lorentzian lines for each one of the three different packages of spins. Depending of how
far the spin packages are from resonance center they will behavior as a Gaus or as a Lorentz or as a
mix of them. In order to represent those two more figures were made Figure 26 and Figure 27. In
each of those figures the first graph is the absorbance for each one of those spin packages (A, B, C)
and the total of them is the simulated signal, then the second graph in each figure is the first
derivative of total signal of the absorbance. In Figure 26 each one of the spin packages has a
Lorentzian character but A and C have a shift from the resonance center because of that shift the
lineshape of the total signal, even if each one of the packages is Lorentzian, will be Gauss. In
Figure 27 as earlier each one of the spin packages has a Lorentzian character but now A and C have
a much smaller shift than in Figure 26 from the resonance center because of that shift the lineshape

of the total signal, even if each one of the packages is Lorentzian, will be more Lorentz shaped.
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Figure 26: In this Figure we present the importance of the distance from the resonance for three groups of
spin packages where they are separated and even if each one of those has a Lorentz character they behave

as a Gauss afterall.
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Figure 26: In this Figure we present the importance of the distance from the resonance for three groups of
spin packages where they are not separated and each one of those has a Lorentz character, they keep the

lineshape and behave as a Lorrentzian afterall.
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Earlier we took the simplest case where spins are isolated and there are no spin dynamics. The
structure and widths of EPR lines provide information on the amplitude and spectral density of the
local field fluctuations from which certain characteristic properties of the electronic spin
correlation functions in dense magnetic systems may be inferred. Now in the opposite case of non-
stable spin dynamics and spin hopping, which is happening in high density spin systems, when
there are spin domains in the material and when the lattice is loose. In that case the following
Figures 27 and 28 will represent the changes of the signal peaks on the spectrum because of the
change of resonant magnetic field versus temperature. The first figure 27 is for the case of 4K
where the spins are “still” and we have three signals in the absorption (a, b, c). In that case as we

described earlier the intensity will be higher and has a Gaussian lineshape.
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Figure 27: Here we represent the case where we have spin-spin interactions and as we did earlier we take
three packages (a, b, ¢). Again, each one of spins have a Lorentzian-shape character and depending how far

they are they behave as Lorentz or Gauss.
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At 77K where most of the spins are “still” and we have three signals in the absorption (a, b, ¢) and
the spins start to be a little more mobile than at 4K. In that case as we described earlier the intensity
will be higher. The intensity is lower than before, but it keeps the same Gauss lineshape. Also, at
300K we have even lower intensity and more mobile spins which will reduce the signal’s intensity
but still it will keep a Gauss characteristic lineshape. With the increase of the temperature, the
signal intensity is reducing that’s something that we discussed about earlier but what changes is
that at high temperature the lineshape can change from a Gauss lineshape to a Lorentz lineshape,
that’s because at high temperatures spins are merging around the resonant magnetic field and they
create a Lorentz character. In the Figure 28 below we show that change by showing a simulated
curve and because of the merging at 700K the intensity is increasing until a melting point or until

there is an increment population difference (intensity) and because of the shift (AH).
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Figure 28: In that Figure we show the change of simulated curves because merging starting from 300K up
to 700K. The intensity is increasing until a melting point or until there is an increment population difference

(intensity) and because of the shift (AH).

In the case of systems with magnetic behavior, which are consisting of isolated single-domain
particles depends on the relative magnitude of the thermal energy with respect to the anisotropic
part of the magnetic energy of the particles. When these two energies are comparable, the direction

of magnetization of the particles undergoes thermal fluctuations. {Berger 1977 REF} In a system
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for example where we have small particles in a diamagnetic matrix three kinds of interactions are
applied: a) with matrix, b) with other particles, ¢) with the applied filed. Interactions with the
diamagnetic matrix are essentially nonmagnetic and thus have no direct effect on the resonance
phenomenon. However, the matrix does play an important role; it keeps the particles in place, so
that they cannot rotate when an external field is applied. Therefore, the magnetic resonance
behavior of the system is different from that of an assembly of "free" magnetic particles. When
ferromagnetic single-domain nanoparticles are dispersed in a diamagnetic matrix, a specific type
of magnetic behavior, called superparamagnetism is observed [57]. Nanoparticles of relatively
greater sizes may incorporate several magnetic domains; however, below ca. 10 nm they are
typically single-domain particles [57]-[59] We consider a statistical assembly of disordered single-
domain magnetic nanoparticles whose characteristics vary from one particle to another. At room
temperature each magnetic domain has a different magnetic momentum orientation, however with

the increase of the temperature the spins in the domains start to reorientate as shown in Figure 29.
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Figure 29: Here we show a ferromagnetic material which has spin domains. According to Berger those
materials are separated in to domains with each domain having a different orientation. In this figure for
example we start at RT by having 8 different spin domains and we see that with the increase of temperature
they start to reorientate until a T’>>T where they are made two different domains. That will increase

intensity of course.

At T’ temperature bigger than room’s they are separated in two domains and if an increase of the
difference of populations exists the signal’s intensity is enhanced. We have to note that at the last
step where there are only two domains the signal, we have a Lorentz lineshape for reasons that we
discussed earlier. In Figure 29 we demonstrated a particle with separate spin domains as shown in
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Figure 30 that’s a typical EPR spectrum for a ferromagnetic material, as we can see it has a Gauss

Lineshape and the signal is broad.
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Figure 30: Here we present a simulated signal in which we represent each domain as having Lorentz shape

line (just for the case, normally it would be a mix of Gauss and Lorentz) as we showed earlier in Figure 26.

With increase of temperature the spin domains merge as shown in Figure 31 and the lineshape turns

from Gauss to Lorentz lineshape because of the spin hopping and the intensity increase because the
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difference of population increases too until a point. At Figure 31 we also show the absorbance and

the first derivative of an EPR spectrum at room temperature and at a higher temperature.
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Figure 31: In this figure we present a simulated H.T. EPR spectrum. More specifically it’s a spectrum for a

ferromagnetic material, with spin domains as explained earlier. We start from a signal at RT and we

increase the temperature in that case the domains are reorientated and the intensity of the signal is getting

higher. We also present the absorbance lines for both RT and T".

Therefore, we analyzed every parameter that can be recorded from an EPR spectrum with

simulated signals for simplicity.

CHAPTER 3
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3 EPR Spectrometer Set-Up

The “normal” Zeeman effect was well-known in optical spectroscopy for many years but the
components to build an EPR were more advanced. Each spectrometer has three essential
components: a source of electromagnetic radiation, a sample and a detector. To acquire a spectrum,
we change the frequency of the electromagnetic radiation and measure the amount of radiation
which passes through the sample with a detector to observe the spectroscopic absorptions. Despite
the apparent complexities of any spectrometer that is the basic idea. In general, EPR layout
spectrometer contains a microwave bridge, the microwave cavity, an electromagnet the sample and
a main console. The electromagnetic radiation source and the detector are in a box called the
“microwave bridge” as shown in Figure 32. The sample is in a microwave cavity, which is a metal
box that helps to amplify weak signals from the sample. There is the electromagnet to tune the
electronic energy levels. In addition, we have a console, which contains signal processing and
control electronics and a computer. The computer is used for analyzing data as well as coordinating

all the units for acquiring a spectrum.

Magnetic
Field

Controller

Bridge |
Console |

Magnet

Figure 32: Diagram of a typical EPR spectrometer with the most important parts.

3.1 The Microwave Bridge
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In the case of the EPR both detector and source are in the microwave bridge. In a bridge there are
more parts than shown in Figure 33, but most of them are for control, power supply, and security

electronics of the bridge.

Signal
Out
G Defector
| Diode
Reference I
Arm E

. Source (I)

Attenuator B

| Circulator

D

Cavity

Figure 33: Block diagram of a typical microwave bridge, where the most important parts of the set up are

installed.

From the block diagram at point A is the microwave source, that can’t be varied easily, that’s why
we need the second point, B where is the variable attenuator, a device which blocks the flow of
microwave radiation. With the attenuator, we can precisely and accurately control the microwave
power which the sample sees. Most EPR spectrometers are reflection spectrometers (which means
that it measures the amount of radiation that is reflected from the sample) that happens by
measuring the changes (due to spectroscopic transitions) in the amount of radiation reflected from

the microwave cavity containing the sample (point D in the figure). We therefore want our detector
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to see only the microwave radiation coming back from the cavity. The circulator at point C is a
microwave device which allows us to do this. Microwaves coming in port 1 of the circulator only
go to the cavity through port 2 and not directly to the detector through port 3. Reflected
microwaves are directed only to the detector and not back to the microwave source. In point E we
use a Schottky barrier diode to detect those reflected microwaves and convers the microwave
power to an electrical current. At low power levels, (less than 1 microwatt) the diode current is
proportional to the microwave power and the detector is called a square law detector. That’s
because electrical power is proportional to the square of the voltage or current.) At higher power
levels, (greater than 1 milliwatt) the diode current is proportional to the square root of the
microwave power and the detector is called a linear detector. The transition between the two
regions is very gradual. As in most electronics the diode should operate in the linear region in order
to have the optimal sensitivity, for that detector the best results are taken when the detector’s
current is approximately to 200 pA. To ensure that the detector operates there or very close to that
current there is a reference arm, which is at point F of the block diagram which supplies the
detector with some extra microwave power or “bias”. Some of the source power is tapped off into
the reference arm, where a second attenuator controls the power level (and consequently the diode
current) for optimal performance. There is also a phase shifter to ensure that the reference arm
microwaves are in phase with the reflected signal microwaves when the two signals combine at the
detector diode. The detector diodes are very sensitive to damage from excessive microwave power
and will slowly lose their sensitivity. To prevent this from happening, there is protection circuitry
in the bridge which monitors the current from the

diode. When the current exceeds 400 pA, the bridge automatically protects the diode by lowering
the microwave power level this protection circuit reduces the risk of damage due to accidents or
improper operating procedures.

For technical reasons, every microwave source (Klystron, Gunn) has a maximum peak at its
performance at a very narrow frequency range e.g. 9.00+ 0.05 GHz. So every spectrometer EPR is
characterized from its working frequency of its microwave source. Nowadays there are categories
of EPR spectrometers and some high field EPR spectrometers that go above 100 GHz as shown in
Table 2:
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Working Frequency (GHz) Name
1-2 L-band
2-3 S-band
9-10 X-band
15-18 P-band
24-30 K-band
32-35 O-band
90-95 W-band
140-150 D-band
285 -290 J-band

Table 2: The main categories of EPR spectrometers categorized based on their working frequency.

Most of the EPR spectrometers are working at the X-band and for that thesis we will work on

that band. In our case we use a microwave of 9-10GHz frequency or 3cm-! wavelength and it’s a

Klystron type.

3.2 The EPR Cavity

In this section, we shall discuss the properties of microwave (EPR) cavities and how changes in

these properties due to absorption result in an EPR signal. The microwave cavities are used to

amplify weak signals from the sample. A microwave cavity is a metal box with a rectangular or

cylindrical shape which resonates with microwaves much as an organ pipe resonates with sound

waves. Resonance means that the cavity stores the microwave energy; therefore, at the resonance

frequency of the cavity, no microwaves will be reflected, but will remain inside the cavity. (See

Figure 34)
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Figure 34: Reflected microwave power from a resonant cavity.

Cavities are characterized by their Q or quality factor, which indicates how efficiently the cavity
stores microwave energy. As Q increases, the sensitivity of the spectrometer increases. The Q

factor is defined as shown in Equation 85:

Eq.85

where the energy dissipated per cycle is the amount of energy lost during one microwave period.
Energy can be lost to the side walls of the cavity because the microwaves generate electrical
currents in the side walls of the cavity which in turn generates heat. We can measure Q factors

easily because there is another way of expressing Q:
Eq.86

where vres is the resonant frequency of the cavity and Av is the width at half height of the resonance.
A consequence of resonance is that there will be a standing wave inside the cavity. Standing
electromagnetic waves have their electric and magnetic field components exactly out of phase, i.e.
where the magnetic field is maximum, the electric field is minimum and vice versa. The spatial
distribution of the amplitudes of the electric and magnetic fields in the most used EPR cavity is
shown in Figure 35.

It is the microwave magnetic field (B1) that induces the EPR transitions that are detected in EPR
spectroscopy. Also associated with B; is the microwave electric field (Ei). The E; can induce
rotational transitions in the sample, thereby generating heat. This phenomenon is the same from the

effects of a microwave oven on food. This microwave absorption contributes to additional energy
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dissipation and thereby reduces the resonator Q. To avoid excessive interaction of the sample with
the E; field (and resultant Q lowering), it is important to position [60] the sample in a region of the
cavity with high B; and low E;. For cavities, there is a natural separation between B; and E;
because upon resonance, a standing wave is excited within the cavity. Standing electromagnetic
waves have their electric and magnetic field components exactly out of phase, i.e. where the
magnetic field is maximum, the electric field is minimum and vice versa.

We can use the spatial separation of the electric and magnetic fields in a cavity to great advantage.
Most samples have non-resonant absorption of the microwaves via the electric field (this is how a
microwave oven works) and the Q will be degraded by an increase in the dissipated energy. It is the
magnetic field that drives the absorption in EPR. Therefore, if we place our sample in the electric
field minimum and the magnetic field maximum, we obtain the biggest signals and the highest
sensitivity. The cavities are designed for optimal placement of the sample. We couple the
microwaves into the cavity via a hole called an iris. The size of the iris controls the number of
microwaves which will be reflected back from the cavity and how much will enter the cavity. The
iris accomplishes this by carefully matching or transforming the impedances (the resistance to the
waves) of the cavity and the waveguide (a rectangular pipe used to carry microwaves). There is an
iris screw in front of the iris which allows us to adjust the “matching”. This adjustment can be

visualized by noting that as the screw moves up and down, it effectively changes the size of the iris.

(See Figure 36)

Figure 35: Magnetic and electric field patterns in a standard EPR cavity.
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Figure 36: The matching of a microwave cavity to waveguide.

All these properties of a cavity give rise to an EPR signal, because when the sample absorbs the
microwave energy, the Q is lowered because of the increased losses and the coupling changes
because the absorbing sample changes the impedance of the cavity. The cavity is therefore no
longer critically coupled and microwave will be reflected back to the bridge, resulting in an EPR

signal.

3.3 The Magnetic Field Controller & Magnet

The magnetic field controller permits the operator to establish the DC magnetic field magnitude
and range of magnetic field sweep in which an EPR signal is expected. The field controller
provides the operator interface to the magnetic field current regulator and power supply. The
desired field value, specified by the operator in units of Gauss, is translated into the appropriate
signals for current regulation.

Field controllers use the Hall effect in order to establish and monitor the magnetic field intensity
that is generated by the current flowing through the magnet pole windings. An external magnetic
field H will generate a potential V, across a Hall device by displacing current Z, flowing in the plane

orthogonal to the Hall plate. The potential generated can be represented by Equation 87:

Eq.87
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where R is a proportionality constant which depends on the geometry and material of the Hall
element. A control voltage, generated by comparing the measured Hall voltage to a reference
voltage established for the desired field value, is used by the magnet power supply to determine the
current level flowing through the magnet. The Hall potential has a temperature coefficient, but this
effect is compensated by calibration and use of a thermostat to control the temperature.

The magnetic field controller allows us to sweep the magnetic field in a controlled and precise
manner for our EPR experiment. It consists of two parts; a part which sets the field values and the
timing of the field sweep and a part which regulates the current in the windings of the magnet to
attain the requested magnetic field value.

The magnetic field values and the timing of the magnetic field sweep are controlled by a
microprocessor in the controller. A field sweep is divided into a minimum of 512 and a maximum
of 4096 discrete steps called sweep addresses. At each step, a reference voltage corresponding to
the magnetic field value is sent to the part of the controller that regulates the magnetic field. The
sweep rate is controlled by varying the waiting time between the individual steps. The magnetic
field regulation occurs via a Hall probe placed in the gap of the magnet. It produces a voltage which
is dependent on the magnetic field perpendicular to the probe. The relationship is not linear and the
voltage changes with temperature; however, this is easily compensated for by keeping the probe at
a constant temperature slightly above room temperature and characterizing the nonlinearities so
that the microprocessor in the controller can make the appropriate corrections. Regulation is
accomplished by comparing the voltage from the Hall probe with the reference voltage given by
the other part of the controller. When there is a difference between the two voltages, a correction
voltage is sent to the magnet power supply which changes the amount of current flowing through
the magnet windings and hence the magnetic field. Eventually the error voltage drops to zero and
the field is “stable” or “locked”, this step occurs at each discrete step of a magnetic field scan.

In that specific EPR setup the magnetic field has a range of 0.001-0.6 Tesla (100-6000 Gauss). In
most cases we set it around 3000 Gauss, Figures 38a, 39. The H.T. EPR which can cover a wide

range of temperature from room temperature up to 1300K in Figure 38b.
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Figure 37: A block diagram of the field controller and associated components.
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Figure 38a: The X-band EPR set-up. That magnet can apply a magnetic field of 8000 Gauss and uses a Hall
probe to control the field. The Magnet controller controls the current that it passes to the electromagnet in
order to achieve the magnetic field that we set. The Microwave bridge and the frequency controller-meter to
produce and detect the microwaves as we explained. In that picture a Perpendicular Cavity is demonstrated

with its iris motor to find the peak of the amplitude of the microwaves.
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Figure 38b: The X-band EPR set-up. That magnet can apply a magnetic field of 8000 Gauss and uses a Hall
probe to control the field. In that picture the H.T. Cavity is demonstrated.
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Figure 39: Here we present the lock-in amplifier, the field controller and the microwave controller to

control the iris and the power of the microwaves.

3.4 The Signal Channel

EPR spectroscopy is a technique known as phase sensitive detection to enhance the sensitivity of
the spectrometer. The advantages include less noise from the detection diode and the elimination of
baseline instabilities due to the drift in DC electronics. A further advantage is that it encodes the
EPR signals to make it distinguishable from sources of noise or interferences. The signal channel, a
unit which fits in the spectrometer console, contains the required electronics for the phase sensitive

detection.

The detection scheme works as follows. The magnetic field strength which the sample sees is
modulated (varied) sinusoidally at the modulation frequency. If there is an EPR signal, the field
modulation quickly sweeps through part of the signal and the microwaves reflected from the cavity
are amplitude modulated at the same frequency. For an EPR signal which is approximately linear
over an interval as wide as the modulation amplitude, the EPR signal is transformed into a sine
wave with an amplitude proportional to the slope of the signal.

The signal channel (more commonly known as a lock-in amplifier or phase sensitive detector)
produces a DC signal proportional to the amplitude of the modulated EPR signal. It compares the
modulated signal with a reference signal having the same frequency as the field modulation and it
is only sensitive to signals which have the same frequency and phase as the field modulation. Any
signals which do not fulfill these requirements (i.e., noise and electrical interference) are
suppressed. To further improve the sensitivity, a time constant is used to filter out more of the
noise.

Phase sensitive detection with magnetic field modulation can increase our sensitivity by several
orders of magnitude; however, we must be careful in choosing the appropriate modulation
amplitude, frequency, and time constant, Figure 40. All three variables can distort our EPR signals

and make interpretation of our results difficult.
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Figure 40: Signal distortions due to excessive field modulation.

For samples with very narrow or closely spaced EPR signals, (~ 50 milligauss. This usually only
happens for organic radicals in dilute solutions.) we can get a broadening of the signals if our
modulation frequency is too high as shown in Figure 41. The broadening is a consequence of the

Heisenberg uncertainty principle.
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———

100 kHz
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Figure 41: Loss of resolution due to high modulation frequency.

All those individual components of the spectrometer if they work together, they will produce a

spectrum as shown in Figure 42.
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Figure 42: Block diagram of an EPR spectrometer.

3.5 Data Acquisition (DAQ)

Loukas Belles

Data acquisition (DAQ) is the process of sampling signals that measure real-world physical

phenomena (temperature, voltage, current, strain and pressure, shock and vibration, distance and

displacement, rpm, angle, discrete events, weight) and converting them into a digital form that can

be manipulated by a computer and software. The signals are converted from the analog domain to

the digital domain and then recorded to a digital medium such as ROM, flash media, or hard disk

drives. Hence the primary purpose of a data acquisition system is to acquire and store the data. But

they are also intended to provide real-time and post-recording visualization and analysis of the

data. More data acquisition systems can merge and provide a tightly connected and synchronized

with a real-time control system.

The modern digital data acquisition systems consist of four essential components that form the

entire measurement chain of physics phenomena:
e Sensors
e Signal Conditioning
e Analog to Digital Converter (ADC)
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e Computer with DAQ software for signal logging and analysis

Typical data acquisition system has multiple channels of signal conditioning circuitry which
provide the interface between external sensors and the ADC subsystem. Because physical
phenomena exist in the analog domain, i.e., the physical world that we live in, they must be first

measured there and then converted to the digital domain.

Figure 43: A complete scheme of an analog data acquisition system.

Some types of sensors for measuring different phenomena as mentioned earlier are for example:

e thermocouples, thermistors, Resistance Temperature Detectors (RTDs) and even infra-red
temperature detectors for measuring Temperature.

e Load cells: for measuring weight and load,

e Accelerometers: measuring vibration and shock,

e Microphones: for measuring sound,

e Strain gauges: to measure strain on an object, e.g. measure force, pressure, tension,
weight, etc.,

e Current transducers: for measuring AC or DC current,

e and countless more.
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Depending on the type of sensor, its electrical output can be a voltage, current, resistance, or
another electrical attribute that varies over time. The output of these analog sensors is typically
connected to the input of a signal conditioner, which are taking the output from analog sensors
and preparing them to be sampled digitally. The signal conditioning circuitry needs to linearize
the output from the sensor as well as provide isolation (galvanic isolation), and amplification to

bring the very small voltage up to a nominal level for digitizing.

Analog-to- ) e
di C;?al Driver Application
(transducer) f§ Conditioning 9 Software Software
converier
00101001 .
01001011 12.256 Ibf |
10001011 |43.843 Ibf |
10110101 67.873 Ibf |
TT””]T 10001011 84299 |bf |
l i 01001011 62.916 Ibf
l““ 00107001 33.009 Ibf
01001011 e
Physical Moisy electrical Conditioned Digitalized and Raw binary Processed
phencmena signal signal sampled data information data

Figure 44: From analog signal source to digitalized data ready for processing by computer and software.

Isolation is especially important with respect to the analog input signals that we want to measure.
So many of these signals exist at relatively low levels, and external electrical potentials can
influence the signal greatly, resulting in wrong readings. Imagine the output of a thermocouple,
which is just a few thousands of a volt, and how easily it could be overwhelmed with electrical
interference. Electrical interference or noise can also take the form of AC signals created by other
electrical components in the signal path or in the environment around the test. This is especially
important with measuring systems because most signals exist at relatively low levels, and external
electrical potentials can influence the signal quality greatly, resulting in wrong readings.
Interfering potentials can be both AC and DC in nature. Some problems and “noise” are so called
as common mode voltages (CMV) which are unwanted signals that get into the measurement
chain, usually from the cable connecting a sensor to the measuring system. Depending on their
amplitude, they can range from being a “minor annoyance” to completely obscuring the real signal

and destroying the measurement. The most basic approach to eliminate those noises is to use a
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differential amplifier, which has two inputs: a positive one and a negative one. The amplifier

measures only the difference between the two inputs.

Electrical noise riding along on our sensor cable should be present on both lines - the signal
positive line and the ground (or signal negative) line. The differential amplifier will reject the
signals common to both lines, and only the signal will be passed through, as shown in the figure 45

below:

AVAVAVAVAY
Small common o= Output ‘ok’
. TR :
mode voltage e
on both lines — -
Differential
Amplifier
VVVV\

Figure 45: A differential amplifier successfully eliminates common-mode voltages within its CMV input

range.

When the CMV present on the signal lines exceeds the differential amplifier’s maximum CMV
input range, it will “clip.” The result is a distorted, unusable output signal, in these cases, we need
an additional layer of protection against CMV and electrical noise in general which is the isolation.
An isolated amplifier’s inputs “float” above the common-mode voltage. They are designed with an
isolation barrier with a breakdown voltage greater than 1000 V. This allows it to reject very high
CMV noise and eliminate ground loops as show in Figure 45. Isolated amplifiers create this
isolation barrier by using tiny transformers to decouple (“float”) the input from the output, or by
small optocouplers, or by capacitive coupling. The last two methods typically provide the best

bandwidth performance. Sometimes called “noise,” a ground loop is caused by inadvertently
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referencing electrical equipment to more than one path to the ground - any difference of potential at
these grounding points can induce a current loop, which can lead to distortions on the signal. If the

amplitude of these distortions is high enough, it can ruin the measurement.
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Figure 46: An isolated differential amplifier rejects even very high common-voltage mode.

Ground loops can also come from the instrument itself, via its own power supply. Keeping in mind
that our measuring system is plugged into power, which has a ground reference. It is critical,
therefore, to decouple this reference from the signal handling components of the instrument to
ensure that ground loops cannot be created within the instrument.
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High Current Path
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Figure 47: Power supply induced ground looping.
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There are several approaches for creating an isolation barrier between a signal source and the rest

of the system:

1.

Optical isolation is one of the most popular and effective methods of isolating a signal from
the rest of the system and the outside world. An electrical signal is input to an LED, which
transmits it across a dielectric isolation barrier to a photodiode, which converts it back to an
electrical signal. By converting an electrical signal to light and then back to electricity, it is
completely decoupled from the outside world. Light is not susceptible to electromagnetic
(EMI) or radio frequency (RFI) interference, inherent benefits of this approach. However,
optocouplers are not as fast as light itself - they are limited by the LED’s switching speed.
They are generally slower than inductive or capacitive isolators. In addition, the intensity of
the LED light will degrade over time, requiring recalibration or replacement.

In inductive coupling isolation, an electrical insulation barrier is placed between the
windings, so that the only signals that pass from the first winding to the second are those
that have been magnetically induced - and there is no direct contact across the barrier.
Inductive couplers have very high bandwidth and are extremely reliable, but they can be
affected by nearby magnetic fields.

Capacitive isolators couple a signal across an isolation barrier, usually made from silicon
dioxide. They cannot pass DC signals, which makes them very adept at blocking common-
mode signals. The signal is converted to digital and then replicated on the other side of the
barrier using capacitive coupling. Unlike inductive isolation, capacitive isolation is not
susceptible to magnetic interference. High data rates and long-life operation are hallmarks
of these isolators. Capacitive isolators are available with different ratings to provide the

right level of safety against failure and possible short circuits.

By isolating the system, we avoid electrical interference from the equipment itself but more

generally every signal that we want to measure can be affected by electrical interference or noise.

This has a variety of causes, including ambient electromagnetic fields which can be induced into

high gain signal lines, or simple voltage potentials that exist between the sensor or measuring

system and the object under test. Therefore, the best signal conditioning systems provide

selectable filtering to remove these interferences and making better measurements. Filters can be
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defined by how many poles they have. The more poles, the steeper the roll-off they can perform
on the signal. This roll-off or slope simply means how many decibels of the signal can be rolled
off per octave. The specification of the filter in question will typically give the maximum roll-off
in dB/Q. Here filters will be expressed in terms of the band that they operate, to the following
types:
e Low-pass filter: this filter reduces or “rolls off” starting at a given frequency and those
above it.
e High-pass filter: does the opposite and allows frequencies to pass which are above a given
frequency.
e Band-pass and band-reject filters: either pass or stop (reject) frequencies between two

given values.

All those filters can be achieved by different types of filters like those which are presented in
Table 3 depending on their purpose.

Filter Type Roll-off Steepness Ripple or Distortion Other factors
No ripple, but square
Moderate phase
Butterworth Good waves cause distortion ' '
‘ distortion
(hysteresis)
Ripples in the pass band Poor transient
Chebyshev Steeper
response
No ringing or overshoot
. Increased phase
Bessel Good from non-sinus
delay
waveforms
o Ripples in the pass band | Non-linear phase
Elliptic Steepest
response

Table 3: Filter types with trade-offs among them.
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As described earlier another very important part is the conversion from analog to digital using
an ADC, which will convert this signal to a series of high-speed digital values so that it can be
displayed and stored by the data acquisition system. There are a variety of ADC types,
including both multiplexed and single converter per channel. In a multiplexed ADC system, a
single analog-to-digital converter is used to convert multiple signals from analog to digital
domain. This is done by multiplexing the analog signals one at a time into the ADC. There are
plenty ADC types from 8-bit to 32-bit ADCs with 16-bit ADCs to be the most common
considered the bare minimum resolution for signals in general. The rate at which the signals are
converted is called the sample rate. Certain applications, such as most temperature
measurements, do not require a high rate since the measurands do not change very rapidly.
However, AC voltages and currents, shock, vibration, and many other measurands require
sample rates in the tens or hundreds of thousands of samples per second or more. Once
converted to digital, our signals (aka measurands) are processed by the computer subsystem in
several ways. First and foremost, they can be displayed to the test operator on the system’s
screen for visual inspection and review.

In this set up we need to read different data such as temperature, the changes in magnetic field,
AC voltages which need to be measured all the time in real time and the amplitude. Because it’s
a very fast process, it needs very powerful hardware and, in that case, we used a DAQ from
National Instruments PCle-6351 (Figure 48) which can deliver up to 8 analog and digital inputs
and outputs through the DMA channels. It also has external digital triggers which are workable
through any protocol and have software-selectable polarity for many signals. The external
digital triggers have analog inputs and outputs. These inputs and outputs enable the device to
direct and break the triggers. It can also be used as a sample clock time-based and a sample
clock. That DAQ device has four 32-bit counters/timers for event counting and PWM. These
are also included for frequency, encoder, and is applicable in test automation and control
applications. It is connected to the instrument’s computer through a PCI express x16 slot. The
most important part about this DAQ device is that it can have as input 1.25MS/s and as output
the value of 2.86MS/s.
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Figure 48: Multifunctioning DAQ Device from National Instruments that was used in EPR.

3.6 THE LOCK-IN AMPLIFIER

Lock-in amplifiers are used to detect and measure very small AC signals — all the way down to
nanovolts and accurate measurements can be made even when the small signal is obscured by noise
sources many thousands of times larger. The Lock-in amplifiers use a technique known as phase-
sensitive detection to single out the component of the signal at a specific reference frequency and
phase. Noise signals even if they are larger which are other than the reference frequency are
rejected and don’t affect the measurement.

In general, the lock-in measurements require a frequency reference, typically an experiment is
excited at a fixed frequency (from an oscillator or a function generator) and the lock-in detects the

response from the experiment at the reference frequency that is the phase-sensitive detection

102



Master of Modern Electronic Technologies Loukas Belles
Development of High Temperature Electron Paramagnetic Resonance

technique (PSD). If for example, we send from a function generator a square wave as a reference
signal at a frequency equal to wrr as shown in Figure 49, if the sine output from the function
generator is used to excite the experiment, the response might be the signal waveform shown

below. The signal is ViigSin(®reit + Osig) Where Vg is the signal amplitude. The lock-in amplifier

B sig J

seral N\ [THN
oY
[

generates its own sine wave with a lock-in reference Visin(wr+0rer).

Reference

N,

Figure 49: An example on how phase-sensitive detection technique that is used in lock-in

amplifiers for signal detection based on a reference frequency and phase.
Then the lock-in amplifier amplifies the signal and then multiplies it by the lock-in reference using
a phase-sensitive detector or multiplier. The output of the PSD is simply the product of two sine
waves as shown in Equation 88.

Eq.88
as expected, the PSD output is two AC signals, one of the difference of the frequencies and one of

the sum of the frequencies. If the PSD output is passed through a low pass filter, the AC signals are

removed, in the general case that will give no signal, in the case though that o is equal to ®r, the
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difference frequency component will be a DC signal and the output will be as shown in Equation

89.

Eq.89

In the case that the input is made up of signal plus noise. The PSD and low pass filter only detect
signals whose frequencies are very close to the lock-in reference frequency. Noise signals at
frequencies far from the reference are attenuated at the PSD output by the low pass filter (neither
Onoise-Wref NOT MnoiseTOrer are close to DC). Noise at frequencies very close to the reference
frequency will result in very low frequency AC outputs from the PSD (|@noise-ref| 1s small). Their
attenuation depends upon the low pass filter bandwidth and roll-off. A narrower bandwidth will
remove noise sources very close to the reference frequency, a wider bandwidth allows these signals
to pass. The low pass filter bandwidth determines the bandwidth of detection. Only the signal at the
reference frequency will result in a true DC output and be unaffected by the low pass filter. It’s
important that the lock-in reference needs to be phase-locked to the signal reference.

Lock-in amplifiers use a phase-locked-loop (PLL) to generate the reference signal. An external
reference signal (in this case, the reference square wave) is provided to the lock-in. The PLL in the
lock-in locks the internal reference oscillator to this external reference, resulting in a reference sine
wave at orf with a fixed phase shift of O.r. Since the PLL actively tracks the external reference,
changes in the external reference frequency do not affect the measurement.

The internal oscillator of the lock-in amplifier can be used just like a function generator (with
variable sine output and a TTL sync) which is always phase-locked to the reference oscillator.

In order to take a graph from those we need to determine the X-axis and the Y-axis as shown in

Equations 90a and 90b below:

X=Vigc0s0 Eq.90a
Y=Viigsinb Eq. 90b
these two quantities represent the signal as a vector relative to the lock-in reference oscillator. X is

called the 'in-phase' component and Y the 'quadrature' component. This is because when 6=0, X
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measures the signal while Y is zero. By computing the magnitude (R) of the signal vector as shown

in Equation 91, the phase dependency is removed.

R measures the signal amplitude and does not depend upon the phase between the signal and lock-
in reference. In addition, the phase 0 between the signal and lock-in reference, can be measured

according to the equation 92 as shown below.

O=tan-'(Y/X) Eq.92

Fourier's theorem basically states that any input signal can be represented as the sum of many,
many sine waves of differing amplitudes, frequencies and phases. This is generally considered as
representing the signal in the "frequency domain". Normal oscilloscopes display the signal in the
"time domain". Except in the case of clean sine waves, the time domain representation does not

convey very much information about the various frequencies which make up the signal.

In that EPR set-up we used an SR-830 lock-in amplifier which multiplies the signal by a pure sine
wave at the reference frequency. All components of the input signal are multiplied by the reference
simultaneously. Mathematically speaking, sine waves of differing frequencies are orthogonal, i.e.
the average of the product of two sine waves is zero unless the frequencies are exactly the same. In
the SR830, the product of this multiplication yields a DC output signal proportional to the
component of the signal whose frequency is exactly locked to the reference frequency. The low
pass filter which follows the multiplier provides the averaging which removes the products of the
reference with components at all other frequencies. Because it multiplies the signal with a pure sine
wave, measures the single Fourier (sine) component of the signal at the reference frequency.

In the general case, the input consists of signal plus noise. Noise is represented as varying signals at
all frequencies. The ideal lock-in only responds to noise at the reference frequency. Noise at other
frequencies is removed by the low pass filter following the multiplier. This "bandwidth narrowing"

is the primary advantage that a lock-in amplifier provides. Only inputs at frequencies at the
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reference frequency result in an output. Lock-in amplifiers as a general rule display the input signal
in Volts RMS. When the SR830 displays a magnitude of 1V (rms), the component of the input
signal at the reference frequency is a sine wave with an amplitude of 1 Vrms or 2.8 V pk-pk.

The SR830 multiplies the signal with the reference sine waves digitally. The amplified signal is
converted to digital form using a 16 bit A/D converter sampling at 256 kHz. The A/D converter is
preceded by a 102 kHz anti-aliasing filter to prevent higher frequency inputs from aliasing below
102 kHz. The signal amplifier and filters will be discussed later. This input data stream is
multiplied, a point at a time, with the computed reference sine waves described previously. Every 4
us, the input signal is sampled and the result is multiplied by the two reference sine waves (90°
apart). As we examined earlier Lock-in amplifiers have traditionally set the low pass filter
bandwidth by setting the time constant. The time constant is simply 1/2xnf where f is the -3 dB
frequency of the filter. The low pass filters are simple 6 dB/oct roll off, RC type filters. A 1 second
time constant referred to a filter whose -3 dB point occurred at 0.16 Hz and rolled off at 6 dB/oct
beyond 0.16 Hz. Typically, there are two successive filters so that the overall filter can roll off at
either 6 dB or 12 dB per octave. The time constant referred to the -3 dB point of each filter alone
(not the combined filter). The notion of time constant arises from the fact that the actual output is
supposed to be a DC signal. In fact, when there is noise at the input, there is noise on the output. By
increasing the time constant, the output becomes more steady and easier to measure reliably. The
tradeoff comes when real changes in the input signal take many time constants to be reflected at the
output. This is because a single RC filter requires about 5-time constants to settle to its final value.
The time constant reflects how slowly the output responds, and thus the degree of output

smoothing.
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Figure 50: The magnetic field modulation scheme and derivative line shape. The derivative line is

characterized by the peak—peak amplitude (ASp,) and the peak—peak linewidth (ABpp).

As noted, if the lock-in detection frequency is equal to the modulation frequency the first

derivative of the absorption line is registered.

3.6.1 Random Noise in measurements
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In every measurement there is random noise, but with good experimental design can reduce these
noise sources and improve the measurement stability and accuracy. There are a variety of intrinsic

noise sources which are present in all electronic signals. These sources are physical in origin.

o Johnson noise: Every resistor generates a noise voltage across its terminals due to thermal
fluctuations in the electron density within the resistor itself. These fluctuations give rise to an

open-circuit noise voltage as shown below (Equation 93)

where £ is Boltzmann’s constant (1.38x10-?* J/°K), T is the temperature in °Kelvin (typically
300°K), R is the resistance in Ohms, and Af is the bandwidth in Hz. Af is the bandwidth of the
measurement.

o Shot noise: Electric current has noise due to the finite nature of the charge carriers. There is
always some nonuniformity in the electron flow which generates noise in the current. This
noise is called shot noise. This can appear as voltage noise when current is passed through a
resistor, or as noise in a current measurement. The shot noise or current noise is given by

Equation 94 as below:

where q is the electron charge (1.6x10-19 Coulomb), I is the RMS AC current or DC current
depending upon the circuit, and Af is the bandwidth.

o 1/f noise: Every 10Q resistor, no matter what it is made of, has the same Johnson noise.
However, there is excess noise in addition to Johnson noise which arises from fluctuations in
resistance due to the current flowing through the resistor. For carbon composition resistors, this
is typically 0.1 uV-3 pV of rms noise per Volt of applied across the resistor. Metal film and
wire-wound resistors have about 10 times less noise. This noise has a 1/f spectrum and makes
measurements at low frequencies more difficult. Other sources of 1/f noise include noise found

1n semiconductors.
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All of these noise sources are incoherent. The total random noise is the square root of the sum of the
squares of all the incoherent noise sources.

In addition to the intrinsic (random) noise sources discussed previously, there are a variety
of external noise sources. Most of these noise sources are asynchronous, i.e. they are not related to
the reference and do not occur at the reference frequency or its harmonics. These noise sources
affect the measurement by increasing the required dynamic reserve or lengthening the time
constant. Some noise sources, however, are related to the reference and, if picked up in the signal,
will add or subtract from the actual signal and cause errors in the measurement. Typical sources of
synchronous noise are ground loops between the experiment, detector and lock-in, and electronic
pick up from the reference oscillator or experimental apparatus. There are several ways in which

noise sources are coupled into the signal path.

The most common noise sources are:

o Capacitive Coupling: An AC voltage from a nearby piece of apparatus can couple to a
detector via a stray capacitance. Although Csiay may be very small, the coupled noise may
still be larger than a weak experimental signal. This is especially damaging if the coupled
noise is synchronous (at the reference frequency). We can estimate the noise current caused
by a stray capacitance by

i=Cstray dV/dt= o Cstray Vhoise Eq95

where o is 2m times the noise frequency, Vnoise 1S the noise amplitude, and Cqiray 1s the stray

capacitance.

o Inductive Coupling: An AC current in a nearby piece of apparatus can couple to the
experiment via a magnetic field. A changing current in a nearby circuit gives rise to a
changing magnetic field which induces an emf (d@B/dt) in the loop connecting the detector
to the experiment. This is like a transformer with the experiment-detector loop as the

secondary winding.
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o Resistive coupling or ground loops: Currents flowing through the ground connections
can give rise to noise voltages. This is especially a problem with reference frequency
ground currents. The experiment senses the detector signal plus the voltage due to the noise
source's ground return current passing through the finite resistance of the ground between
the experiment and the detector. The detector and the experiment are grounded at different

places which, in this case, are at different potentials.

o Microphonics: Not all sources of noise are electrical in origin. Mechanical noise can be
translated into electrical noise by microphonic effects. Physical changes in the experiment
or cables (due to vibrations for example) can result in electrical noise over the entire
frequency range of the lock-in. Mechanical vibrations in the cable translate into a
capacitance that varies in time, typically at the vibration frequency. Since the cable is

governed by Q=CV, taking the derivative, we have:
Eq.96

Mechanical vibrations in the cable which cause a dC/dt will give rise to a current in the

cable. This current affects the detector and the measured signal.

o Thermocouple effects: The emf created by junctions between dissimilar metals can give
rise to many microvolts of slowly varying potentials. This source of noise is typically at
very low frequency since the temperature of the detector and experiment generally changes
slowly. This effect is large on the scale of many detector outputs and can be a problem for
low frequency measurements, especially in the mHz range.

o

3.7 DIGITAL CONTROL OF THE EPR
SPECTROMETER
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In this subchapter we will explain with the help of a flow diagram (Figure 51) the way that all those
components are cooperating and connecting so the High Temperature EPR spectrum can be taken.

Each one of the parameters are controlled digitally with the cooperation of some physical

components.
Field Frequency [ockIn Amplifier Signal Gas
Controller Meter & Modulation  Channel l
l Temperature Controller

& Booster

Magnet Bridge I

\ Thermocouple

l Computer HT

DAQ I Cavity B
\ LabVIEW Spectrum 1
—_— ran Zirconium Tubes
—4

Figure 51: In this Figure we present a flow diagram on how each component physical or digital controlled

is connected with each other to receive the spectrum. In that diagram the physical controlled parts are with

red color coded and the digitally controlled are with blue.

Modern spectrometers are software controlled and contain multiple microprocessors to store
calibration data and operate modules of the spectrometer under command from the main software
program. The operator interacts with the spectrometer via the keyboard of a PC, with software that

is vendor specific.

For all the reasons we mentioned the dependence of temperature in any material may be different.
Its important that almost all components are digital-controlled and more especially all of them are
controlled via LabView.

LabVIEW is a programmable environment made by National Instruments since 1991. It uses a
logic model of programming which is able to allocate the problem into subprograms, the sub-Vis.

In that way it splits the problem into smaller pieces and let the programmer to solve each one of
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them more efficiently. The most important is that LabVIEW is an inherently concurrent language,
S0 it is very easy to program multiple tasks that are performed in parallel via multithreading.
Below we show in Figure 52a the LabView main VI, with all the parameters that we change to take

a spectrum in H.T. EPR.

[] scan_EPRyi - >
File Edit View Project Operate Tools Window Help

BPE@N ?

START P | stopll  Quit ®| [ [ BEEE -U,ozasAI
Cursorl | 337644 0256
- | — ! Rallaew 12 | Db -~ |

i

Preview of Spectrum

Eielel (Gauiee)

Figure 52a: In this Figure we show the main VI of LabView for the control of HT EPR spectrometer.

After the development of the Vi, it has been converted in an executable form (.exe) in order to run it
with no loop-problems. In figure 52a we show the two basic windows, on the left in the red box we
show where the parameter settings are imported by the user which is more detailed in Figure 52b

and on the right side in the yellow box is the measured spectrum of the material.
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Figure 52b: here we show the panel of LabView or of the HT EPR.exe in which we add all the settings

parameters that we control through it. In this figure also each value-field is explained.

Next we will analyze the block diagram of the EPR VI, in a detailed way in order to understand

how the software works.
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P Create or replace

{overwrite) a file (second

file) which will contain Connecting
an array with all X and Y with double if
data of all scans

Figure 52¢: We show in the LabView the creation of three different files. The first file will be an empty array
which will be created or overwrite an existing one. The second file which will be created or overwrite an
existing one, it will create an array of an equal size with the first array. So the second array will include the
data of every scan, i.e. the X-values and the Y-values. The third and last file will have the average values of

all Y values versus X values
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Figure 52d: We show LabView’s Block diagram, the creation and the connections for each parameter. Here

we present the center field, the sweep width (which is divided with two in order to go around the field

center), also the results of each mathematical operation will appear in front panel, also the number of steps

will divide the range of the field in to equal fields and create an array with the proper X-values but zero Y-

values.
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Inserting titles and the reading values into boxes of the front panel

Figure 52e: In this figure the values of the parameters are taken from the GPIB and placed as values on the
top of the data in the same file (output file).

Scene 1 Scene 2 Scene 3

(a7
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oo -
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b Continuous Samples ¥ M ¥ RiF]
hysical Chan, - [
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AlVoltage IClock~) [| | lAnaleqoBt ¢ WM ¢ | 0 tea... i %

Takes the values of \\ \\ \
Field center DAQ values for the \\ \\
and. Sweepowidth Specitic data that In case that DAQ is turned off or broken Do the same thing N-
we use (PCle-6351), an error message will appear, with “Ok” times depending
for address and values as the only choice and then VI falls till on number of steps

for correct sampling the problem is fixed

Figure 52f: Here in the block diagram we connect the values of the array of the previous figure, then the
DAQ values (address and number of bytes to read), the case of an error at GPIB and at the third scene we
send data to the GPIB, here we add a number which is connected to the GPIB bus address and then if

something is wrong an error message will appear to the user.
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Stop (D) is to finish and keep the first scan and then STOP the VI

E] . > sto) I,
- B,

Stop (II) is to finish the measurement of the current

scan and then STOP the VI
Figure 52g: In that part of the program of the block diagram we insert two buttons in the Front panel (STOP

1) which will finish and keep the first scan and then stop the VI and (STOP 1) is used to finish measurement

after the current scan.

il
In the measured values =
by adding sensitivity

in Front Panel we can get our data
corrected in order all of them to have
the same sensitivity.

It takes the array’s data
of each scan and place
them to a virtual screen
of an oscillometer,
which is the spectrum
that we see in Front
Panel.

Figure 52h: In that part of the program of the block diagram we insert a knob in Front panel “Sensitivity”
in which we choose the same sensitivity setting with the Lock-in Amplifier in order to get our data
corrected, otherwise if we leave it at 1 we will get raw data. The measurement will eb correct but in the
information file the sensitivity will be wrong. Also we add a virtual oscillator in order to see the spectrum

after each scan finishes.
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3.8 High Temperature EPR

The High Temperature EPR differs from the casual CW EPR to the cavity and the temperature at
which we measure and take the EPR spectra. In this thesis we used an ER4114HT cavity. That
cavity was chosen because it can be connected with any X-Band EPR as the one we have in the
laboratory. This cavity is provided by Bruker with an upper temperature limit of 1273K (1000 °C)
that limit is defined by the quartz re-crystallization in long experimental runs. A tailor-made three
wall high purity quartz glass dewar houses both the sample tube and the heater wire.

The forming gas is heated by the tungsten filament to achieve a maximum temperature of 1200 K.
The temperature is measured with a thermocouple (type K: Cr-Al) close to the sample.

Also, the inner surfaces of the resonator have been coated with a material which is highly reflective
for both infra-red and visible radiation. Due to the low thermal expansion coefficient of the cavity
material, the frequency shift upon temperature change is kept at minimum. In addition, the cavity’s
end-plates and the sample chokes are water cooled. As in regular cavities the waveguide and the

cavity space are purged with nitrogen gas and the matching proceeds via an iris screw.

30 High Temperature Equipment

The High Temperature EPR equipment is different than a common CW EPR Set-up. Of course, it is
similar i.e. the high temperature EPR spectrometer set up needs a magnet with a magnetic field
controller and a PSU to apply an external magnetic field, a microwave bridge and a frequency
controller for produce and detect of the microwaves, a DAQ card for data acquisition, a GPIB card
and shield which is a bus where every part is connected with each other and connected to the
computer and of course the LabView VI which is the software to take measurements remotely and
do all the mathematically work also with it we make the proper files to save all kind of data with all
the parameters.

Therefore, at a High Temperature EPR spectrometer set-up the equipment that is needed is a High
temperature Cavity (ER4114HT) which will be endurable to high temperatures and the specific

one is associated with some zirconium tubes in which the sample will be placed. Also there is a
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need of some thermocouples that will measure the temperature every moment and a high stability
temperature controller (Eurotherm 2416) with self and adaptive tuning in order to control the
temperature inside the cavity in cooperation with the thermocouple. Also, because of the cavity we

will need some N source for the inside resistor in order not to get damaged.
3.9.1 High Temperature Cavity - ER4114HT

This high temperature cavity which is shown in Figure 53a is a tailor-made three wall high purity
quartz glass dewar houses both the sample tube and the heater wire. The inner surfaces of the
resonator have been coated with a material which is highly reflective for both infra-red and visible
radiation also, the cavity space and the waveguide are purged with nitrogen gas. A forming gas is
inserted and heated by the tungsten filament, which is shown in Figure 53b, to achieve a maximum
temperature of 1200 K. The forming gas is advised to be a mixture of 92% N> and 8% H>, that gas is
protecting the heater and the dewar, in order to keep the Q-value of the cavity high and to transfer
the heat very fast. The upper temperature limit of 1273 K (1000 °C) is the limit which is defined by
quartz re-crystallization in long experimental runs. Due to the low thermal expansion coefficient of
the cavity material, the frequency shift upon temperature change is kept at minimum. In addition,

the cavity end plates and the sample chokes are water cooled (with pressur e 1.0 up to 2.5*10°Pa).
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Figure 53: (a) High Temperature EPR cavity (ER4114HT made by Bruker on the top) and (b) the tungsten
filament (bottom) which is used as a resistor to heat the sample with the help of a forming gas from the

bottom side under the cavity. (c) The H.T. cavity while warming with low N: flow.

3.9.2 High Temperature Controller —- BVT3000

Except for the High Temperature Cavity an important part of the High Temperature EPR
equipment is the temperature controller which is referred as BVT 3000, which is shown in Figure
54, and can be also computer controlled via an RS-232 cable and LabView. The gas flow and the
heater power are controlled; a digital display reads the actual as well as the desired temperature,

which can also be set via front panel operation. In order to transfer so much current through the
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tungsten filament a power booster, also known as BVTB3500 will be needed to heat up the heating
wire in the dewar to such a temperature that the sample can reach the max. specified temperature of

1200 K. The booster is controlled via the temperature controller.

Control of

Puwer Switch formlng Egas | Gas out | Gas in | 3
*m-EE.®

M TEMPIRATURE v— "
® % CONTROLLER | @ @
b -

m '——' A 2
=
L TR

Heater czble connections |

Figure 54: On top the BVT 3000 temperature controller is presented and on the bottom the power booster
BVTB3500 to provide the necessary electrical power to heat the tungsten filament. The booster is controlled

via the temperature controller.

Heater cable of the BVTB3500 needs to connect the heater output of the power booster to the
electrical contacts of the heater wiring of the ER41114HT cavity. In more detailed way a schematic
is following in Figure 55 to show the connections between the temperature controller, the power

booster, the computer, the cavity.
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Figure 55: Connections between the BVT3000, the BVTB3500 and the High Temperature Cavity for the HT
EPR spectrometer set-up. The green cable is the RS-232 which connects to the same plug to the computer in
order to control the unit remotely. The blue cable is connecting the power booster to the temperature
controller. The red cable is connecting the power booster with the resistor in order to send the proper
amount of electrical energy to the module and finally to the tungsten filament. At the end the yellow cable is
the sensor cable with the thermocouple that we made in order to read the temperature to the controller. Its
important that the negative bias of the thermocouple to be attached to the cavity’s metal in order to be
colder than the positive bias and so the thermocouple to work properly, otherwise false information will be

provided as reading temperature.

Also, for the forming gas the followed schematic in Figure 56 is showing the connections for the

forming gas.
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Figure 56: The connections between the forming gas that in our case will be 99.999% N> with the
temperature controller. The blue cable is the Gas in that is going from the N> bottle to the Gas in socket

through a tube and then with the green cable through a tube it will go to the bottom of the structure under

the cavity. Afterwards the forming gas will flow and get the hotter gas out through the gas exit port.

The gas flow rate can be controlled though the temperature controller BVT 3000 and the Gas Flow
Rate of the forming gas may be set to the two smallest possible rates: 135 1/h and/or 270 I/h.

3.9.3 Thermocouple Type K

Many sensors use materials that have variable electrical resistivity depending on the temperature or
by mechanical pressure or even by humidity. The electrical resistivity of a metal-material depends

on the temperature as shown in Equation 97:

Eq.97
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Where p is the electrical resistivity of the conductor at the temperature T, p, is the electrical

resistivity of the conductor at a specific-reference temperature T, and « is the thermal factor of

the material of the electrical resistance. On the Table 4 we present some metals with their

thermal factor and electrical resistivity.

Metal p (nQ/cm) at 20 °C a (°C-1)
Gold (Au) 2 44 0.0040
Silver (Ag) 1.59 0.0041
Copper (Cu) 1.72 0.0043
Platinum (Pt) 0.0966 0.00393
Tungsten (W) 560 0.0048
Nickel (Ni) 7.80 0.0068
Chromel
(90% Ni & 10% Cr) 0.00706 0.00032
Alumel
(95% Ni & 2% Al & 2% 0.00294 0.00239
Mn & 1% Si)

Table 4: Values of electrical resistivity p and thermal factor a_for common metals used in thermocouples

and sensors.
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The metal’s sensitivity at temperature’s changes is given by the change of electrical resistivity
versus the temperature and its different for every material. A thermocouple is an electrical devise
consisting of two dissimilar electrical conductors forming an electrical junction. Due to Seebeck
effect which is the electromotive force (emf) that is developed across two points of an electrically
conducting material when there is a temperature difference between them (thermoelectric emf).
The ratio between the emf and temperature difference is the Seebeck coefficient. One
thermocouple as the one we used in our system measures the potential difference between a hot and
cold end for two dissimilar materials. This potential difference is proportional to the temperature
between cold and hot ends. This happens because electron energy levels shifted differently in the
different metals, creating a potential difference between the junctions which in turn created an

electrical current through the wires, and therefore a magnetic field around the wires.
The local current density is given by:

Eq.98

where V is the local voltage, o is the local conductivity,

and

Eq.99

In that thesis we constructed some type K thermocouples with the use of Alumel and Chromel

as shown in Figure 57.

+ve Chromel

I Q>

-ve Alumel

Figure 57: A schematic of a type-K thermocouple as the one we constructed for that EPR set-up.
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Type K (Chromel-Alumel) is the most common general-purpose thermocouple with a sensitivity
of approximately 41uV/°C [61]. That thermocouple is inexpensive and a wide variety of probes are
available to cover all the temperature range, in which the High Temperature EPR experiments will
be conducted, more specifically the thermocouple can detect from -200°C to +1350°C. They
operate very well in oxidizing atmospheres. If, however, a mostly reducing atmosphere (such as
hydrogen with a small amount of oxygen) encounters the wires, the chromium in the Chromel alloy
oxidizes. This reduces the emf output, and the thermocouple reads low. This phenomenon is
known as green rot, due to the color of the affected alloy. Although not always distinctively green,
the Chromel wire will develop a mottled silvery skin and become magnetic. An easy way to check
for this problem is to see whether the two wires are magnetic (normally, Chromel is non-magnetic).
In this set up we will not examinate the green rot phenomenon because all the heating system is at

the same atmosphere so the error at the temperatures is constant.
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CHPATER 4 RESULTS

4.1 Thermocouple Calibration

All thermocouples and also those, that we constructed from alumel and chromel need calibration
temperature versus voltage so, after we constructed a second thermocouple, with the same
materials and properties and we placed it inside the zirconium tube where the sample will be, to
have two temperature reads. The first read is about measuring the temperature below the cavity and
the sample and to heat the system when the T (the set temperature) is higher than the Tread
temperature, to set the resistance off when the set temperature is almost equal to the read
Temperature and then to keep it in equilibrium. The second thermocouple in the sample tube reads
the temperature there, as shown in Figure 58 its almost equal with the other temperature read.
Therefore, two calibrations achieved one to measure the difference between the set temperature

and one measurement of potential with a potentiometer versus temperature as shown in Figure 59.

Calibration for H.T. EPR Type K thermocouple
1000

800 | |

Trud (K)

| " —B— Toq Under sample
00 =" —8— T4 inside the Zr tube

w0 a0 0 w0 w0 0
To (K)

Figure 58: In this Figure we present the reading temperature of two type K thermocouples that we made.

The first one is placed under the sample and the second inside the Zirconium tube. We notice a very small

difference in reading temperature with an error peak of 8K.
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Figure 59: In this Figure we present the calibration of two type K thermocouples that we made. The first one
is placed under the sample and the second inside the Zirconium tube. We measured the voltage difference
with an oscilloscope notice a very small difference in reading voltage, which explains also the small

difference in temperature reading.

4.2 N> Flow Calibration

As mentioned earlier the forming gas must go through the quartz glass and the tungsten filament.
However, to have the control of the N; flow gas before it enters the chamber, it has to pass through
the temperature control unit BVT 3000. The control of the N> flow can be done by a knob on the
temperature controller who changes the flow and has 10 options with the first to be the limit of 135
1t/h. So in order to calibrate the flow of the forming gas we had to connect it with a flow controller
before the Gas In port to the temperature controller and ensure to give enough pressure in order to
achieve higher flows and in order to know how much forming gas to send to the chamber to transfer
heat. In that calibration, as shown in Figure 60 we will set the knob at a lower highest limit because
we don’t want to go to extreme temperatures for the materials that we interest and also for safety

reasons.
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Figure 60: N: flow calibration that enters the temperature controller BVT 3000, then flows to the chamber
where the tungsten filament (resistor) is heating and then transfers the heat to the zirconium tube where the
sample is in, at the preferred temperature. In that calibration we set the knob at a lower highest limit
because we don’t want to go to extreme temperatures for the materials that we interest and also for safety

reasons.

The exact values of the forming gas flows are presented on the Table 5 below.

KNOB LEVEL CALIBRATED FLOWS OF N,

[

136
222.4
308.8
395.2
481.6

568
654.4
740.8
827.2

o L N SN N AW
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10 913.6

Table 5: The values that match to the level of the knob after the calibration of the forming gas with the

use of a flow meter.

4.2.1 Purging N, Flow Calibration

The setup was calibrated with a purge N> flow of 100 ml/min. While we increased the temperature
the microwave resonance seemed to be minimized and after a specific temperature the resonance
was destroyed as shown in the next set of screenshots at different temperatures.

Starting from the Room Temperature (300K) as shown in Figure 61:
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Figure 61: (a) Tuning the resonance of the microwaves and (b) levelling and calibrating the Diode of the

detector of the microwave bridge at 300K.
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We increased the temperature by an amount of 20K to check the stability of tuning and operating

functions as shown in Figures 62:
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Figure 62: (a) Tuning the resonance of the microwaves and (b) levelling and calibrating the Diode of the

detector of the microwave bridge at 320K.

While increasing the temperature more than 325 the microwave resonance started to change so

we stopped at 350K in order to see resonance ‘s response as shown in Figure 63.
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Figure 63: (a) Tuning the resonance of the microwaves and (b) levelling and calibrating the Diode of the
detector of the microwave bridge at 350K.

As shown in Figure 63 the AFC was getting out of the “green zone” something that one can see

also from the change of the value of the frequency so we had to tune it again and in next Figure

64 we present it after the second tuning.
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Figure 64: (a) Tuning the resonance of the microwaves and (b) levelling and calibrating the Diode of the

detector of the microwave bridge at 350K.

From temperature of 350K and above all the tunings needed to be done two times in order to get the
best tuning and get a good microwave resonance signal. In Figures 65 - 67 we present the shape of

microwave resonance with the best tuning options by changing the signal phase of the microwave

bridge and the iris of the cavity.
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Figure 65: (a) Tuning the resonance of the microwaves and (b) levelling and calibrating the Diode of the

detector of the microwave bridge at 400K.
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Figure 66: (a) Tuning the resonance of the microwaves and (b) levelling and calibrating the Diode of the

detector of the microwave bridge at 500K.
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Figure 67: (a) Tuning the resonance of the microwaves and (b) levelling and calibrating the Diode of the

detector of the microwave bridge at 550K.

As can be easily noticed by all the Figures in that section the resonance was minimized after a

range of AT=200K which was a problem. In order to fix that we changed the purging value inside

the cavity in order to minimize the humidity factor which easily can minimize the microwave

resonance.

4.3 Calibration of Lock-In Amplifier&
Modulation
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S=1/2 System for Calibration of the Set up.

For calibrating the EPR system we used an organic chemical compound 2,2-diphenyl-1-
picrylhydrazyl which more commonly is called DPPH It is a dark-colored crystalline powder
composed of stable free radical (S=1/2) molecules. DPPH has two major applications, both in
laboratory research: one is a monitor of chemical reactions involving radicals, most notably it is a
common antioxidant assay [62] and another is a standard of the position and intensity of electron
paramagnetic resonance signals. The commercial powder is a mixture of phases which melts at
~130 °C. In order to find the most optimal values of measurements we had to take some
measurements with different values on different settings of the modulation amplifier. At first we
tried to measure it by adding to the sample holder 1.2mg of DPPH powder but as shown on Figure
68 the amplitude of the DPPH sample is very high and that’s why it’s cut-off at 3400G and at
3410G.
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Figure 68: We measured DPPH in a zirconium tube and measured it in RT, in order to find the most
appropriate settings to take measurements. 1.2mg DPPH versus microwave source power (dB) though have

a very strong signal and that’s why in low dB its cut off in EPR spectrum.

In order to measure that sample we had to make a new sample which had 1% wt. DPPH in KBr
(KBr is EPR silent, i.e. it doesn’t give a signal in EPR measurement). We start the measurements
by choosing the number of steps and for each value (512, 1024, 2048, 4096) to choose different

time constant (10ms — 100us) as shown in Figure 69.
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Figure 69: Here we measured the DPPH sample which is diluted in KBr (1:100) at constant 6dB versus

time constant and versus number of steps (in how many pieces the sweep width is divided to).

We observe that for N=512 we can measure with a Time Constant in a range of 100us up to 10ms,
after increasing the steps value to 1024 we observed that in the same range of values for time
constant the measurements could be made. Then by increasing the steps number to 2048 we
observed that the time constant should be in the range from 30us up to 10ms and finally for 4096
we could measure properly in the range of 100us up to 30ms. It must be noted that the magnetic
field center in all measurements was 3400G with a sweep width of 40G.

After finding the proper settings for time constant we did the same thing to find the most

appropriate value of phase of the sinusoidal wave that the modulation amplifier sends to amplify
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the signal. We present the results below in Figure 70a for positive phase and Figure 70 for negative

phase.
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Figure 70a: Here we measured the DPPH sample which is diluted in KBr (1:100) at constant 6dB versus

the positive modulation phase of the lock-in amplifier.
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Figure 70b: Here we measured the DPPH sample which is diluted in KBr (1:100) at constant 6dB versus the

negative modulation phase of the lock-in amplifier.

After finding the best values for time constant and phase for the amplifier and by keeping the
amplitude steady at 1.552V we started our search for the appropriate value of frequency of the
amplifier. As the Figure 71 shows we searched at the order of kHz because in lower orders of
frequency the relaxation time would be much smaller, i.e. much faster than the frequency of the

amplifier and the signal would be zero.
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Figure 71: Here we measured the DPPH sample which is diluted in KBr (1:100) at constant 6dB versus the

modulation amplitude of the lock-in amplifier and the modulation frequency.

After finishing with the amplifier, we had to search for the settings of the bridge in order to
measure the samples. In figure 72 we take measurements of a 1% wt. DPPH in KBr, and we were
changing only the dB of the microwave source. With that way we checked that the microwaves are

tuning with the cavity.
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Figure 72: Here we measured the DPPH sample which is diluted in KBr (1:100) versus microwave source
power with the optimal settings that we found earlier (the modulation amplitude, the modulation frequency

of the lock-in amplifier, the time constant, sensitivity and number of steps)
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4.4 APPLICATIONS

e Isolated spins Mn?" (S=5/2, I=5/2) in a solid matrix at natural marble

In this application we chose a high spin system (S=5/2) with high nuclear spin (I=5/2), natural
marble is such a system. Because of both high spin (5/2, 5/2) it gives rich EPR spectrum. The spins
in marble are isolated in a solid matrix of CaCOs, which eliminates any Mn-Mn interactions, thus
we have no spin domains. The intensity signals are high from the room temperature, though the
temperature dependence on a system like that is important because from the changes of lineshape
or linewidth much information about its environment can be received. Because Mn?* ions are
isolated in the matrix we have no Mn-Mn interactions, thus no spin domain system. The case of

ferromagnetic materials with spin domains was examined in the second application of this thesis.

e Spin domains in superparamagnetic nanoparticles of Fe,O3 (S=5/2)

In this application again a high spin system was studied, with the difference that ions aren’t any
more isolated in a matrix, but they interact with each other and with that way the particle is divided
to spin domains as shown in Figure 29. In this application all the factors that we explained before
are important like the intensity, line-width and line-shape, but also other factors that haven’t taken

place in that thesis like surface effects.
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4.4.1 APPLICATION #1

Isolated spins Mn** (S=5/2, I=5/2) in a solid matrix at natural marble

The method of measuring digitally on High Temperature EPR works. We succeed on measuring
Mn?" jons transitions. We covered all the range from 300K up to 750K with a step of 25K. All the
factors that we needed were well-recorded and the parameters of measurements. There are two
types of disordered materials: glasses and polycrystalline powders. The Mn?* ion in these materials
can be characterized by either well-defined values of spin-Hamiltonian parameters (in constituting
crystallites), or a distribution of these around mean values (in glasses), or a combination of both.
It’s a very good application because in the EPR spectrum we expect to see six first-order (sextet)
transitions but also some forbidden hyperfine transitions. Those forbidden hyperfine transitions
will be seen as doublet separations (m=-3/2, -1/2, 1/2, 3/2, 5/2). By having a spin larger than % its
spectrum reflects interaction with the environment and temperature dependence of the EPR line-
shape, line-width offers rich information. Line narrowing phenomena were observed at T>400K
and all the transitions where visible. No phase transition occurs for CaCO3z matrix in the
temperature range at 300K up to 750K. In Figure 73 we present the theoretical transitions for this
system with spin S=5/2 and nuclear spin [=5/2. In Figure 74 we show all the temperatures from
300K up to 700K, we assigned the peaks based on the transition type, the normal letters (a., B, v, 0,
g, C) show the first order transitions and they are six, thus we have the basic sextet of peaks and the
accented letters (o', ', y’, 0', €") are the doublets of forbidden hyperfine transitions. In Figures 75-
81 we show the changes of the spectrums with the changes of the temperature with a step of 25K
for each measurement to show the importance of a digitally controlled High Temperature EPR. In
each Figure of those we start by showing the full spectrum and then the subfigures which are
presented by adding them a letter. The subfigures with letter (a) are targeted to the first order
transition as shown in Figure 74 with letter o and to the first doublet of forbidden transitions with
the letter o, the subfigures with letter (b) are targeted firstly to the last doublet of forbidden
transitions with letter ¢ of Figure 74 and then the last first-order transition which is coded with

letter .
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Figure 73: Theoretical Model first order transitions and hyperfine transitions.
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Figure 74: In this figure the first HT. EPR spectrum, of natural marble, is presented in a wide range of
300K up to 700K. In this spectrum both types of interactions can be observed the first order with normal

letters and the forbidden hyperfine interactions with accented letters.
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Figure 75: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample
in a range from 300K up to 375K.
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Figure 75a: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature
range from 300K up to 375K. The spectrum is targeted to the first order transition and to the first doublet of

forbidden transitions.

147



Master of Modern Electronic Technologies
Development of High Temperature Electron

005 T

Paramagnetic Resonance

Intensity {Arb.Un,}

—— 300K
325K

350K
|—— 375K

| SR I TR I T N T R
3580 3600 3620 3640 3660 3680 3700

Magnetic Field (Gauss)

Loukas Belles

Figure 75b: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature

range from 300K up to 375K. The spectrum is targeted to the last doublet of forbidden transitions and to the

last first-order transition.
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Figure 76: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample
in a range from 375K up to 450K.
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Figure 76a: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature
range from 375K up to 450K. The spectrum is targeted to the first order transition and to the first doublet of

forbidden transitions.
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Figure 76b: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature
range from 300K up to 375K. The spectrum is targeted to the last doublet of forbidden transitions and to the

last first-order transition.
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Figure 77: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample

in a range from 450K up to 525K.
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Figure 77a: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature

range from 450K up to 525K. The spectrum is targeted to the first order transition and to the first doublet of

forbidden transitions.
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Figure 77b: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature

range from 300K up to 375K. The spectrum is targeted to the last doublet of forbidden transitions and to the

last first-order transition.
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Figure 78: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample
in a range from 525K up to 600K.
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Figure 78a: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature

range from 525K up to 600K. The spectrum is targeted to the first order transition and to the first doublet of

Jforbidden transitions.

0015

0.010

0.005

0.000

0.005 I

Intensity (Arb.Un.)

0010

0015

3580 3600 3640 3660 3680 3700

Magnetic Field {Gauss)

Figure 78b: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample
in a range from 525K up to 600K.
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Figure 79: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample
in a range from 600K up to 675K.
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Figure 79a: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature

range from 600K up to 675K. The spectrum is targeted to the first order transition and to the first doublet of

Jforbidden transitions.
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Figure 79b: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample
in a range from 600K up to 675K.
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Figure 80: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample
in a range from 700K up to 750K.
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Figure 80a: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature

range from 700K up to 750K. The spectrum is targeted to the first order transition and to the first doublet of

forbidden transitions.
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Figure 80b: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample
in a range from 525K up to 600K.
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Figure 81: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the sample
in a range from 300K up to 700K.
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Figure 81a: In this figure we show a H.T. EPR spectrum, of natural marble, in which it’s in a temperature

range from 300K up to 700K. The spectrum is targeted to the first order transition and to the first doublet of

forbidden transitions.
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Figure 81b: In this figure we show a H.T. full EPR spectrum of natural marble, a full spectrum of the
sample in a range from 300K up to 700K.

In Figure 82 we demonstrate the dependence of linewidth versus temperature. We noticed that with the
increase of the temperature the peaks of the first order transitions are changing. The linewidth can change up
to 3G over the measured temperature range. We stopped the measuring of this sample because after 750K
we don’t expect any changes, a proof of that is that from 700K up to 750K the linewidth change is saturated.
In Figure 83 we demonstrate the dependence of intensity of each peak versus temperature. We noticed that
with the increase of the temperature the peaks of the first order transitions are changing. The intensity can
change up to 0.10 units over the measured temperature range. We stopped the measuring of this sample
because after 750K we don’t expect any changes, a proof of that is that from 700K up to 750K the intensity
change is saturated.

In Table 5 all the settings for each of our measurements are recorded, all the data that are given in the

spectrums in this thesis are corrected to the same mV and dB in order to be comparable.
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Figure 82: In this Figure are the results of the linewidth change versus temperature from all Figures 75-

81 for the first three peaks of (o) as it is mentioned in Figure 81.
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Figure 83: In this Figure are the results of the intensity change versus temperature from all Figures 75-

81 for the first three peaks of (a) as it is mentioned in Figure 81.
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H.T. Field
Lock-In Modulation Amplifier Bridge
Booster | Controller
MW
Field | Sweep | Modulation Time
Temperature | N: Frequency | phase | Sensitivity power
Center | Width | Amplitude Constant
(K) flow (kHz) ©) (mV) source
(G) (G) V) (ms)
(dB)
300 0 3400 800 1.552 100 180 5 10 16
325 2 3400 800 1.552 100 180 5 10 16
350 2 3400 800 1.552 100 180 5 10 16
375 2 3400 800 1.552 100 180 5 10 16
400 3 3400 800 1.552 100 180 5 10 16
425 3 3400 800 1.552 100 180 5 10 16
450 3 3400 800 1.552 100 180 5 10 16
475 3 3400 800 1.552 100 180 5 10 16
500 4 3400 800 1.552 100 180 5 10 16
525 4 3400 800 1.552 100 180 5 10 16
550 4 3400 800 1.552 100 180 5 10 16
575 4 3400 800 1.552 100 180 5 10 16
600 4 3400 800 1.552 100 180 1 10 16
625 4 3400 800 1.552 100 180 5 10 17
650 5 3400 800 1.552 100 180 2 10 17
675 5 3400 800 1.552 100 180 2 10 17
700 5 3400 800 1.552 100 180 2 10 17
725 5 3400 800 1.552 100 180 2 10 20
750 5 3400 800 1.552 100 180 2 10 20

Table 5: The settings for all H.T. EPR components are in this Table for the measurements of natural

marble in all the range of the temperature.
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Summary #1

The method of measuring digitally on High Temperature EPR works. We succeed on measuring
Mn?" ions transitions in a range from 300K up to 750K with a step of 25K. All the factors that we
needed were well-recorded and the parameters of measurements. In this application we noticed six
first-order (sextet) transitions but also some forbidden hyperfine transitions. Those forbidden
hyperfine transitions will be seen as doublet separations (m=-3/2, -1/2, 1/2, 3/2, 5/2).

A spin larger than ' its spectrum reflects interaction with the environment and temperature
dependence of the EPR intensity and line-width changes has been examined in Figure 82, 83. Line
narrowing phenomena were observed at T>400K and all the transitions where visible up to 3G. No
phase transition occurs for CaCO3 matrix in the temperature range at 300K up to 750K.

In Figures 75-81 we show our H.T. EPR spectrums with the changes of the temperature with a step
of 25K for each measurement to show the importance of a digitally-stable controlled High

Temperature EPR.
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4.4.2 APPLICATION #2

Spin domains in superparamagnetic nanoparticles of Fe;O3; (S=5/2)

The measurement of those ferromagnetic nanoparticles are an important application in which H.T.
EPR can provide unique information that common EPR can’t. In those materials that we examined
we see changes in three all different factors, 1.e. it is much more complex system to investigate than
an isolated spin system as the one we measured in Application #1 above. Therefore intensity, line-
width and line-shape character are changing. The spectrums for RT will be the same as if they were
taken by a common EPR in RT, in lower temperatures the blocking effect is expected to occur in
the system of ferromagnetic nanoparticles. Above the blocking temperature Tb thermal
fluctuations predominate over anisotropic magnetic interactions and the magnetic moments of the
nanoparticles show a superparamagnetic behavior, whereas below Tb a ferromagnetic behavior is
observed, corresponding to a steady state. The blocking effect has been observed and discussed for
many superparamagnetic systems, the blocking temperature is defined as the temperature at which
the relaxation time 1 of the magnetic moments equals to the measuring time tm. In this application
we will focus on High Temperatures though where The observed temperature dependence of the
linewidth is accounted for by thermal fluctuation induced averaging of the magnetocrystalline

anisotropy energy [55].
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Figure 84: In this figure we show a H.T. EPR spectrum, of ferromagnetic nanoparticle (#1) in room

temperature.
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Figure 85: In this figure we show a H.T. EPR spectrum, of ferromagnetic nanoparticle (#1) in temperature
range from 300K up to 600K.
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Figure 86: In this figure we show a H.T. EPR spectrum, of ferromagnetic nanoparticle (#2) in room

temperature.
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Figure 87: Figure 85: In this figure we show a H.T. EPR spectrum, of ferromagnetic nanoparticle (#1) in
temperature range from 300K up to 800K.
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Figure 88: In this figure we show a H.T. EPR spectrum, of ferromagnetic nanoparticle (#3) in room

temperature.
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Figure 89: Figure 85: In this figure we show a H.T. EPR spectrum, of ferromagnetic nanoparticle (#1) in

temperature range from 300K up to 800K.
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Figure 89: In this Figure we present a simulation of a Gauss curve in Origin in order to find the L/G

percentage factor to find the change in line-shape in every temperature change as shown in Table 6.
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Temperature AHp-p)
Sample Lp-p) L/G (%)
(K) (G)
300 0.01452 889.19 5/95
400 0.01550 693.57 7.3/92.7
#1 Fe 03
500 0.01329 511.63 10.5/89.5
600 0.00612 361.15 12/ 88
300 0.02233 487.01
400 0.05649 251.27
500 0.12029 173.74
#2 Fe,0;
600 0.16180 99.86
700 0.08733 94.4
800 0.07893 181.94
300 0.0205 787.05
400 0.0107 643.87 0.7/99.3
500 0.0215 460.33
#3 Fe,03
600 0.0110 166.21
700 0.0132 92.34
800 0.0191 41.72

Table 6: The factors that change in the measurements of Fe:O3z nanoparticles in all the range of

temperature are presented in that table.
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H.T. Field
Lock-In Modulation Amplifier Bridge
Booster | Controller
MW
Field | Sweep | Modulation Time
Temperature | N; Frequency | phase | Sensitivity power
Center | Width | Amplitude Constant
(K) flow ©) © ) (kHz) ©) (mV) (ms) source
ms,
(dB)
300 0 3400 5000 1.552 100 180 1000 10 16
350 2 3400 5000 1.552 100 180 1000 10 16
400 3 3400 5000 1.552 100 180 1000 10 16
450 3 3400 5000 1.552 100 180 1000 10 16
500 4 3400 5000 1.552 100 180 1000 10 16
550 4 3400 5000 1.552 100 180 1000 10 16
600 4 3400 5000 1.552 100 180 1000 10 16
650 5 3400 5000 1.552 100 180 1000 10 17
700 5 3400 5000 1.552 100 180 1000 10 17
750 5 3400 5000 1.552 100 180 1000 10 17
800 5 3400 5000 1.552 100 180 1000 10 17

Table 7: The settings for all H.T. EPR components are in this Table for the measurements for

ferromagnetic Fe;O3 nanoparticles in all the range of the temperature.
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Summary #2

Those models, from the beginning, considered that the magnetic moment would follow an
Arrhenius law, with a characteristic relaxation time t;. Nevertheless, the determination of T was
solved by Néel [63] in 1949. He supposed that each nanoparticle was formed by rigidly aligned
spins that rotate coherently during magnetization reversal, considering the case of uniaxial
anisotropy when the energy barrier is much larger than the thermal energy of the system.
Characteristic time relaxation to be of the order of 10-!° s. When the size of a particle composed by
magnetic atoms is small enough, the energy necessary to divide itself into magnetic domains is
higher than the energy needed to remain as a single magnetic domain, or monodomain [57]. The
magnetic properties of an assembly of monodomain particles is studied within the framework the
so-called superparamagnetic theory, in analogy to paramagnetic systems. The first assumption of
the superparamagnetic theory is to consider that all the magnetic moments within the particle rotate
coherently, i.e., the net magnetic moment can be represented by an single classical vector, with
magnitude p = paN, where L, is the atomic magnetic moment and N is the number of magnetic
atoms that compose such particle. Significant changes in all three factors of importance have been
observed. In intensity in line-width, in lineshape as a L/G factor. The change of intensity is a result
of maximizing the difference of populations as we mentioned earlier, while the line-shape

phenomenon is a result of merging and spin hopping.

4.5 CONLUSIONS

In this thesis a High Temperature EPR set-up completed successfully, with every part of it to be
digitally controlled by the user via LabVIEW. This spectrometer can cover a very wide
temperature range of 300K up to 1300K and take information about time relaxation, activation
energy for multiple systems. Its an important tool in analyzing macroscopic and nanosized
materials versus temperature. It is also unique in Greece and a very rare worldwide if we imagine
that there are 5-8 in all Europe and around 3-5 in all US. In that thesis we also used it on two

different applications, firstly with isolated spins in a matrix, where no spin dynamics phenomena
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appear and secondly with ferromagnetic nanoparticles with spin domains and spin dynamics. More
specifically we measured natural marble with macroscopic dimensions and we succeed on
measuring Mn?" ions transitions in a range from 300K up to 750K with a step of 25K. A spin larger
than % its spectrum reflects interaction with the environment and temperature dependence of the
EPR intensity and line-width changes has been examined and we observed that the wide spectrum
in pretty much all the temperatures has a sextet of peaks of first order and five doublet forbidden
transitions (m=-3/2, -1/2, 1/2, 3/2, 5/2), therefore we show the importance of a digitally-stable
controlled High Temperature EPR. We also did an analysis of the first order transition, for the
changes of intensity and linewidth changes versus temperature. In the (second) application of
Fe>O3 we measured small sized ferromagnetic nanoparticles with spin domains. In those particles
the phenomenon of superparamagnetism is appearing. Therefore, with the increase of the
temperature all the factors of the line such as intensity, lineshape (L/G factor) and linewidth have
changed respectively. The change of intensity is a result of maximizing the difference of
populations as we mentioned earlier, while the line-shape phenomenon is a result of merging and
spin hopping.

H.T. EPR is a novel tool with many perspectives in a lot of areas of interest such as soft materials.
Some of those are in biological systems by measuring them in a temperature range from RT up to
400K, also in liquids, polymers, foams, gels, colloids, granular materials and generally in materials
which can be easily deformed by thermal stresses or thermal fluctuations at about room
temperature. Also, with HT EPR one can measure carbon-based material which have captured
broad interest in many applications (like energy storage and conversion, sensors, enviromental ) at

a temperature range from RT up to 600K.
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