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ABSTRACT

During the last decades, the method called High Frequency/Field Electron Paramagnetic
Resonance (HF-EPR) spectroscopy experienced a boom in chemistry, biology, material
science, and physics. Still, HF-EPR spectrometers operating at sub-THz frequencies are
mostly custom-made with non-standard solutions. The thesis aims to develop a novel
broadband EPR spectrometer capable of operating in the field and frequency domain and
performing frequency domain rapid scan to study relaxation times. The spectrometer
operates at high magnetic fields up to 16 T, broad frequency range from 90 to 1100 GHz,
and temperature ranges of 4 — 400 K. Furthermore, The work describes the design and
development of six different exchangeable sample holders with a proof-of functionality
measurement and unique fast-loading flange for the sample holder. The capability of the
spectrometer to perform Rapid Scan measurement is demonstrated in the measurements
of the LiPc single crystal and the DPPH sample dissolved in toluene.

KEYWORDS
Electron Paramagnetic Resonance, Electron Spin Resonance, EPR, ESR, High frequen-
cies/fields, HF-EPR, Rapid scan, EPR sample holder

ABSTRAKT

Béhem poslednich desetileti zaznamenala metoda nazyvana vysokofrekvencni elektronova
paramagnetickd rezonance (HF-EPR) rozmach v chemii, biologii, materidlovych védach
a fyzice. Presto jsou HF-EPR spektrometry pracujici na frekvencich blizici se THz ve
svété vzacné. Cilem této dizertacni prace bylo vyvinout novy Sirokopasmovy EPR spek-
trometr schopny pracovat jak v Sirokém magnetickém poli tak v Siroké frekvencni oblasti
a ktery by byl schopen provadét rychlé skenovani frekvenci pro studium relaxacnich Casi.
Vyvinuty spektrometr pracuje pfi magnetickych polich 0-16 T, frekvencni rozsah od 90
do 1100 GHz a teplotni rozsahy 4 — 400 K. V préaci je dale popsan navrh a vyvoj Sesti
riznych vyménnych drzakl vzorkli s EPR mérenimi, které prokazali jejich funkcnosti.
Design obsahuje navic unikatni rychloupinaci prirubou pro rychlou vyménu vzorku spo-
lecné s drzakem vzorku. Schopnost spektrometru provadét rychlé skenovani frekvence
pro méreni relaxacnich Casti je demonstrovana na méreni LiPc monokrystalu a vzorku
DPPH rozpusténého v toluenu.

KLICOVA SLOVA

Elektronova paramagneticka rezonance, elektronova spinova rezonance, EPR, ESR, vy-
soké frekvence/pole, HF-EPR, rychlé skenovani, drzak vzorku pro EPR
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Introduction

Spectroscopy is one of the keystones in our understanding of nature and the de-
velopment of new technologies. Generally, spectroscopic methods are based on the
energy exchange between electromagnetic waves and a sample, where the oscillat-
ing electric field component of the wave (E;) interacts with a studied material, as
in Optical Microscopy (OM) and others. In the cases of Electron Paramagnetic
Resonance (EPR) and Nuclear Magnetic Resonance (NMR) spectroscopies, the os-
cillating magnetic field component (B;) plays a dominant role in the interaction
with the samples.

Both methods are very similar to each other. While in NMR, the electromag-
netic wave interacts with nuclei, in EPR, it interacts with the spin of an electron.
The techniques are based on the Zeeman effect, the electromagnetic wave’s interac-
tion with the spin of nuclei or electrons in a magnetic field. The difference in the
required energy in EPR and NMR leads to a different range of frequencies that the
spins need for excitation. Electron spins require three orders of magnitude higher
energy to be excited than nuclei spins. The resonance condition implies that the
irradiation frequency ratio to the magnetic field scales as 28 GHz/T in EPR and 42.5
MHz/T in NMR, comprising the microwave (m.w.) and radio frequency range. The
requirement of higher energies led to slower development of EPR due to technical
challenges, making NMR spectroscopy still more popular nowadays.

Since its discovery in 1944 by Zavoisky [6] and parallel to the progress in the
technology of m.w. propagation, m.w. sources, m.w. detectors, and superconducting
magnets, EPR has been a thriving technique. Its popularity still grows as the energy
range covered by this spectroscopic method moves to high frequencies and fields
(HF-EPR) (above 120GHz and 4.3T) [7], providing more information about the
sample, higher sensitivity and resolution. Nowadays, applications of HF-EPR can
be found across many scientific disciplines. For example, biologists use EPR for the
calculation of distances between the atoms in proteins and molecules [8-10], chemists
and physicists for determination of chemical structure and magnetic properties of
molecules [11H14], and for magnetic studies of a wide range of system including

monolayered materials |15,|16].

Goal of the thesis and Motivation: The interaction among spins and their envi-
ronment can be described by the spin-lattice (77) and spin-spin (75) relaxation times.
The access to relaxation times is crucial for the understanding and development of
spin polarization agents in dynamic nuclear polarization (DNP) techniques [17]/18],
and single-molecule magnets (SMMs) or single-ions magnets (SIMs) based quantum

bits [19-23]. In this regard, EPR has access to relaxation times. Usually, such a



task can be accomplished by pulsed EPR spectroscopy. In this method, the sample
is irradiated by a series of pulses that flip the magnetization. The relaxation of
the magnetization to its origin occurs in a specific time scale that is detected ac-
cording to a given sequence of pulses. However, pulsed EPR resolution depends on
the power of m.w. source (1kW and more), which is at high frequencies hard and
expensive to accomplish. Moreover, HF-Pulsed-EPR has additional disadvantages
imposed by the limited sample space due to the use of cavities (at 263 GHz sam-
ples are placed into a capillary with only 30 pm diameter), narrow operating band
(only few GHz), and dead time which complicates measuring relaxation times bellow
50ns [24]. These limitations can be overcome by a method called Rapid Scan EPR
(RS-EPR) spectroscopy. In RS-EPR, the frequency or field is swept fast through the
resonance. Suppose the sweep is comparable or faster than the relaxation time of
the studied system. In that case, one can obtain an oscillatory signal called "wiggles"
in the EPR spectrum, which contains information about 75 relaxation time.

The frequency-domain rapid scan measurements are more complicated to ac-
complish as they require a fast sweeping frequency source. Therefore, most of the
published results employ field domain rapid scan [25][26], which is easier to real-
ize by adding sweeping coils around the sample. However, the measured band is
narrow (hundreds of mT). Moreover, the data acquisition in RS is extremely fast,
ms or faster, which gives the possibility to study fast processes, and additionally,
RS can gain sensitivity of spectrometer under certain conditions [27]. Nevertheless,
the advantages of frequency-domain rapid scan are significant, and as the progress
in technologies bring more power, broader range, and more stable m.w. sources, a
wider range of opportunities will be available for applying this method. In 2018,
Oleksii Laguta with Petr Neugebauer showed the advantages of broad frequency
rapid scan [28]; no dead time, access to ns relaxation times, and possibility to ac-
quire 75 relaxation time at any frequency within the range of the spectrometer.
They also pointed out the problems of a rapid scan, standing wave, and significant
background, which can bury the RS signal.

The main goal of this Ph.D. thesis was to design, build, and troubleshoot a novel
resonance-free high-frequency /high-field EPR spectrometer that is able to operate
at the same time in a frequency and field domain, and advance the frequency-domain
rapid scan technique at high frequencies. Specifically, by performing frequency rapid
scans on radicals dissolved in liquid that will impact on the future of Dynamic Nu-
clear Polarization (DNP) applications [29]. The successful study of such radicals in
high magnetic fields is a necessary step in understanding and optimizing the nuclear
polarization efficiency and developing spin polarization agents. The importance of
DNP in Nuclear Magnetic Resonance (NMR) lies in a significant enhancement, up
to several orders of magnitude, of NMR signals [17,30-32].



1 Theory of EPR

The basic principle of EPR is based on the Zeeman effect (Fig. , where the
oscillating component, By, of an electromagnetic wave at frequency f interacts with
the magnetic moment of an unpaired electron spin, S = 1/2, in the presence of an
applied external magnetic field By. The resonance condition for S = 1/2 is then as

follows:

AE=FE,— E, =hf = gupByes, (1.1)

where F, and E; are the energies of the two possible my states of spin S = 1/2, By

is the resonance field.
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Fig. 1.1: Example of the interaction between a hydrogen atom with spin 1/2 and the
external magnetic field. If the amplitude of external magnetic field B equals to zero,
there will be no energy difference between the spin state ms; = +1/2 and my; = —1/2.
However, if the external magnetic field has a non-zero value, the separation between
the energy states occurs. By applying an external electromagnetic wave with energy
equal to the separation of the energy states, the spin can be excited to the higher

state.

The resonance condition implies that irradiation frequency scales by 28 GHz/T,
m.w. range. An absorption EPR signal is observed when the resonance condition is
fulfilled, e.g. when the electromagnetic wave’s energy hf matches the energy levels’
separation AFE (see Fig. In order to further improve EPR signal-to-noise ratio
(SNR), a small modulating field, B,,.q, oscillating at few kHz, is applied, leading
to the actual measurement of the derivative of an absorption spectra (Fig. [1.1],
right) [33]. In the case of a system with more than one unpaired electron, S > 1/2,
the spin-spin and spin-orbit couplings may lift the degeneracy of spin states even at
zero-field, the so-called zero-field splitting (ZFS).



Nevertheless, other physical phenomena play a role in spin systems. For many
relevant applications, those phenomena lies in the range of higher energies and re-
quire higher magnetic fields and frequencies to be adequately detected and described.

Therefore, Hamiltonian contains these terms:

H = HZeeman + HN + HHFS + HLS + Helect + Hef + HSS + HQ) (12)

where new components represent the following interactions:

Hyeceman Electron Zeeman energy

Hy Nuclear Zeeman energy
Hyrg Hyperfine structure

Hyg Spin - orbit interaction
Heor Electron repulsion energy
H.; Crystal (ligand) field energy
Hgg Spin-spin interaction

Hg Nuclear Quadrupole energy

1.1 Frequency domain vs Field Domain EPR

There are two ways to meet the resonance conditions in an EPR experiment. The
sample can be either irradiated by a m.w. beam with constant frequency during
sweeping of the magnetic field (Magnetic Domain Magnetic Resonance (MDMR))
or to maintain a static magnetic field and sweep the frequency of the m.w. radiation
(Frequency Domain Magnetic Resonance (FDMR)). Irradiating the sample at the
constant frequency during the experiment is called continuous wave- EPR (cw-EPR).

In many samples, the study energy splittings are caused by field independent
interactions, such as zero-field splitting (ZFS) or crystal-field splitting. An FDMR
measurement has a significant advantage over the MDMR in that the EPR spec-
trum is recorded even at zero fields [34]. Therefore, the energy spectrum of the study
system is recorded directly, while in MDMR, those properties have to be extrapo-
lated. Moreover, to determine magnetic parameters by EPR precisely very often
are required a multifrequency study [35]. Typically, these studies are presented as
frequency filed plots [36]. In MDMR, the HFEPR spectrum is often recorded as a
series of different frequencies, which is extremely time-consuming because the ramp
speed of the superconducting magnet is defined by the capacity of the cryogenic
system [37]. Therefore, it is beneficial to record FDMR spectra together with con-
tinuous ramping of the magnetic field. The result, FPR map, is a two-dimensional

frequency-field map. Moreover, FDMR achieves a much faster sweeping time that



could be hungered of GHz in milliseconds or even faster in the so-called rapid scan
regime (discussed in section 2.4.). In comparison sweep rate of MDMR, limited by
the cooling power of its cryogenic system, results in T per minute with superconduct-
ing magnets [38]. Additionally, the FDMR spectrum can be recorded even while the
magnet is in persistent mode to save the valuable resource of liquid helium. Lastly,
some of the samples have an energy spectrum that spans over a broad energy range
up to several THz [39]. In such cases, magnetic fields required to measure MDMR

are impossible to achieve.

1.2 Advantages of EPR in High Fields/Frequencies

Increasing sensitivity: Another advantage of using high frequencies is the increase
in detection sensitivity. The ratio between the Boltzmann distribution of the popu-
lation of the spin states in a two-level system in equilibrium by applying a magnetic

field, as it is the case for a S = 1/2 system is given by

N, ( Eu—El> hf (13)
— =exp|——— ) =exp | —= :
R A

where E, and E; are the energy corresponding to the my, = 1/2 and m, = —1/2,
N, is the number of spins occupying the higher energy level, and N; is the number
of spins occupying the lower energy level, k is the Boltzmann’s constant, and T is

thermodynamic temperature.

Higher spectral resolution: A variety of the sample [§]: molecules with g-anisotropy
(molecule orbital orientation to the magnetic field is represented as g,, g,, g.), sam-
ples containing two systems with slightly different g-factor, or systems containing
hyperfine splitting are studied in high magnetic fields and frequencies, where those
species are well separated (see Fig. .

Zero-field splitting detection: For S > 1/2, the so-called high-spin systems, the
zero-field splitting (ZFS) term Hzpg in equation plays a fundamental role [42]
43]. To see ZFS by EPR experiment directly, it is typically necessary to use high
m.w. frequencies that correspond to the separation between the energy levels [44]
45]. Spectrometers operating at lower frequencies (X-band, Q-band, W-band) are
not suitable for the studies of molecules with high ZFS, which are referred in the
literature as “EPR silent”. The strict meaning of “silent” is therefore connected to
the availability of a suitable spectrometer to probe the transitions in the studied

material.
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Fig. 1.2: a) Two species of different g-values are very diffcult to distinguish at the
X-band (9.5 Ghz) frequency. The situation gets better for the W-band (95 Ghz)
frequency where we can already see the two lines presented. However, only the lines
for the high (360 Ghz) frequency are fully separated. The resolution of a W-band
spectrometer can be considered as one order of magnitude higher than that of a
X-band spectrometer. Taken from [40]. b) First-derivative CW-EPR spectra of a
TEMPOL in frozen water solution at different microwave frequency/By settings.

The spectra are plotted relative to the fixed g, value. Taken from [41].

1.3 Rapid Scan

CW-EPR has many advantages and applications, but it gives limited and mostly
indirect information about magnetic relaxation and spin dynamics [46], which plays
an important role in the field of dynamic polarization [17,/18,47] and quantum
computation [19,48]. Generally, to get information about spin dynamics pulsed EPR
is used [49-52]. In pulsed EPR, by irradiating the sample with a series of short m.w.
pulses, an echo is created as a response from magnetization. Echo measurements
can provide T} spin-lattice relaxation times and 75 spin-spin relaxation times [§].
However, pulsed EPR requires high power pulses, which require very expensive m.w.
components. In the THz frequency range, such high power devices are solid-state
sources [53| or high power klystrons, gyrotrons, and free-electron lasers [54], which
besides being expensive are large, the tuning range is usually smaller than 2 GHz
and therefore to cover the broader hundreds of GHz range is not possible. The
alternative to the pulsed EPR starts to be Rapid Scan EPR. So far, there is only
one working rapid scan spectrometer worldwide in frequency domain that operates
below 95 GHz [55] and recently one in 170-250 GHz range [2§]. In generall, pulsed

and rapid scan EPR require less time to acquire spectra with comparable signal-



to-noise than conventional CW EPR. The comparison between Pulsed EPR, Rapid
Scan EPR and Cw-EPR can be found in [56].

Rapid Scan Theory In this method, either the frequency or magnetic field is
swept through the resonance faster than the sample’s spin relaxation time. The fast
sweep rate influences the line shape, creating “wiggles” (RS signal), which allows the
determination of the spin dynamics. In RS is not possible to measure T} relaxation,
but it measure Ty* relaxation [57]. Then, the relaxation time 75, can be obtained by
fitting the signal with the modified Bloch equations [15,58]. The deconvolution of

the RS signal removes “wiggles” giving a non-distorted EPR absorption spectrum.

Modified Bloch equation: Bloch equation were introduced in the section 2.3.2,
with their steady state solution. The steady solution describes the slow passage
through the resonance to observe an absorption. In RS-EPR, the fast passage
through resonance is applied, which allows for observation of relaxation effects ("wig-
gles"). The main condition to observe wiggles is that passage (of frequency f or field
By) has to be faster than the relaxation time of the system:

df S 1

- . 1.4
dt| = T2 (1.4)

Y

dBezt
dt

The RS wiggles are the result of the beating process of two oscillations: B
excitation via microwave oscillation (in field domain, it is the oscillation of magnetic
field By) and magnetization oscillation of the spin system. The number of wiggles
is proportional to the difference in the frequencies of the two oscillations. The rapid
scan signal r(t) is described as convolution of slow-scan signal s(¢) and drive function
of the excitation d(t):

400
r(t) = (s d)(t) = [ s(r)d(t - r)dr. (1.5)
The solution to the equation through convolution is complex. However, applying
the Fourier transformation, the convolution operator is transformed to the multipli-

cation operator, thus equation becomes:

R(w) = S(w)D(w), (1.6)

where R(w), S(w) and D(w) are operators r(t),s(t) and d(t) in Fourier space (t —
w). In this form can be calculated driven function easily, because it depends on

experimental setup:. Generally, the drive function is:

d(t) = exp </Otw(7')d7') : (1.7)



where w(7) is the waveform of the sweep. If the sweep is linear then: w = br, b is
the sweep rate in rad/s? results into

bt?

d(t) = exp (l & ) — D(w) = exp(—iw?/2b). (1.8)

If the sweep is broad enough comparable to signal, sweep as sine waveform can be
approximated by a linear function. Then the b is equals to the maximum sweep rate
(2T Amod X fmod, Amoa is modulation’s amplitude and f,,,¢4 modulation frequency)
occurring in the center of sinusoidal scan. Then, for obtaining the relaxation time

T, it is necessary to simulate rapid scan spectra by solving a modified system of

Bloch equations [28,[59-H61]:

dM, M,
=T T7 [Aw + Amod COS(QWfModt)]ny (19&)
dt T,
dM, M,
= — + [Aw + Apod cos(27 frroat)| My, — v By M., (1.9b)
dt T
dM M M
L= -+ yBiM, — = 1.
i T1+7 My = (1.9¢)

where Aw is offset of a spectrum from the center of the sweep, M,,M,, and M,
are projection of the total magnetization M. The example of measured freqeuncy

domain RS signal with the simulation is shown in Fig|l.3|
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Fig. 1.3: Rapid scan spectra of the LiPc sample recorded at the fixed field of 8T,
temperature of 13 K and modulation frequencies 20 kHz and 5 MHz, and constant
modulation amplitude of 8.5 GHz. In the first spectra, black, the sweep rate is not
fast enough, and only absorption signal without "wiggles" is measured. Traces are
labeled by the maximum sweep rate achieved at the center of sweep. Dashed curves
are the deconvoluted spectra. Taken and adjusted from .



2 HF-EPR instrumentation

There are five general requirements for a cw-EPR spectrometer [62]: 1) The magnetic
field has to be stable and homogeneous. 2) the m.w. source has to have enough
power, produce a low level of noise, and a stable m.w. phase as well. 3) The m.w.
propagation solution should have low m.w. power losses. 4) The sample holder must
concentrate the incident m.w. radiation onto the sample, allowing detection of the
small amount of energy absorbed or emitted when the EPR resonance condition is
met. 5) The detector should have low noise floor to enable a high signal-to-noise

ratio (SNR).

HF-EPR spectrometer: The schematic drawings of the cw-HF-EPR spectrometer
with homodyne or heterodyne detection scheme is shown in Figure [2.1]

Phase

LO source Isolator  shifter Attenuator
Computer [T
Tio - ¢ dB T i
RF source Isolator Circulator Detector/Mixe{ ________ Lock Cin
o i amplifier | i
— » ; 5 | i
Jrr _’@D Jro~/rr — |
{ . |Temperature| !
VTI ok — controller [

Sample Holder, i |
N Y ! Magnet B
Modulation coil (B,,,4) i power suply

Superconduction Magnetic (B)

— Cables B Homodyne
/ ..... Waveguides  H-+® Heterodyne

Fig. 2.1: The scheme of cw-HF-EPR spectrometers with heterodyne or homodyne

detection.

Conventional homodyne cw-EPR employs a continuous microwave source (RF
source) to irradiate samples located in the sample holder, which is placed inside
a magnet cryostat. The m.w. is generated by RF source (part of the RF sources
are often multipliers which upconverting generated frequency), and propagates to
the sample through a circulator. Circulator is a passive device with three or four
ports that allows a m.w. to exit through the port next to the one it entered.
It protects the sensitive m.w. sources to be damaged from back-reflected m.w..

The mirror located under the sample reflect m.w. back to circulator and to the



mixer (heterodyne detection) or directly to the detector (homodyne detection (see
Fig. .1). To increase the EPR signal, the m.w. passes through the sample two
times (radiated m.w. from source and reflected m.w. from mirror), double pass
configuration. For optimum sensitivity, the sample holder is exactly aligned to the
transmission line waveguide in the way that all the incident m.w. power interacts
with the sample. Furthermore, a small modulation coil is placed around the sample
for SNR enhancement.

The more common EPR configuration is homodyne detection. Homodyne detec-
tion uses only one source and one detector. The advantage of homodyne setups is
lower construction demands. The second configuration, heterodyne detection uses
also a second source, Local Oscilator (LO Source), and mixer. The excitation m.w.
(from RF source) carrying EPR signal with the signal from the local oscillator source
(LO) are mixed, which resulting intermediate signal (IF) is produced. Systems with
heterodyne detection have more components and thus are more complicated to build
and optimize. On the other hand, they should theoretically achieve higher sensi-
tivity than a system with homodyne detection, because of lower noise level and
downconverting m.w. frequencies to lower frequencies, where low noise amplifier

and filters are available [62].

HF — EPR transmitting system In HF-EPR development, the low-loss transmit-
ting system is critical. A low-loss m.w. transfer system, which operates in a broad
frequency range, has been one of the aims of EPR development for decades. In X-
band spectrometer (9.6 GHz), the transmission line is made of rectangular waveguide
WRI0, which attenuates the power by 0.1dB/m. For a typical X-band transmission
line length of 1 m such loss does not disturb the outcomes significantly. However, at
high m.w. frequencies, a transmission lines are generally longer, and losses in stan-
dard rectangular lines are higher. For example in our case, the pathway distance
source to the detector is around 3m. At 140 GHz the rectangular waveguide WR7
attenuates by 5.6dB/m at room temperature [62]. One of the general solutions
for a low loss system is to used an oversized waveguide [63]. Therefore, Gaussian
Quasi-Optical (QO) approach is often used in the design of HF-EPR spectrometers.

Since the late 1980s, several groups have begun replacing waveguides in their HF-
EPR systems with a more efficient quasioptical system for microwave propagation
which soon become standard in HF-EPR spectrometers [3554,,64-66]. This method
considers both ray-like and diffraction-causing optical phenomena when tracing the
beams as they interact with the surfaces of optical elements and the matter in
the pathway. The optimized m.w. transfer systems operating in free space can
have negligible damping of dB/km (damping is mostly caused by molecular air

absorption).
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3 FRaSCAN EPR

This chapter describes the design and development of the sub-THz Frequency Rapid
Scan (FRaSCAN) EPR spectrometer (see Fig. [3.1]).

Tab. 3.1: Parameters of FRaSCAN EPR spectrometer:

Frequency Range m.w. power Magnetic Field VTI Temperature
(82 —1100) GHz (100 — 0.003) mW (0+16) T (1.8 —400) K

& R N,

Loading/ unloading positionf o = % | [ Measurement position L\\\h_

Fig. 3.1: The photograph of FRaSCAN EPR spectrometer in position for load-
ing/unloading of the probe and measurement position. The picture was taken in
June 2020.

Overall design: The FRaSCAN EPR spectrometer is spectrometer working in the
induction mode, and with heterodyne detection. To perform the EPR measurement,
firstly, the probe with a sample is inserted into the magnet. After that, the EPR
table moves above the magnet into the measurement position where the m.w. beam
from the EPR table is precisely coupled to the EPR probe (see Fig. [3.1)). The
main spectrometer specifications are listed in the table It can work in the
field domain with maximal constant ramp speed to 15.5T is 3mT/s, and in the
frequency domain with sweep rate 14 ms/1 GHz (or 90 us per 25 MHz for sweep over
less than 50 MHz) simultaneously. Therefore, spectrometer is capable of measuring
EPR maps, and HF-frequency domain rapid scan over a wide range.

The spectrometer has four main parts: Magnet Frame, EPR Table, EPR probe,
and seven different sample holders shown in Fig. [3.2] All parts are standalone.
The superconducting cryogen-free magnet is partially in the lab pit. The pit gives
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Fig. 3.2: Schematic drawing of the THz-FRaSCAN-EPR spectrometer. The spec-
trometer consists of a removable EPR table, magnet frame, EPR probe, and sample
holder. After the probe is inserted into the magnet, the sample is located in the
centre of the magnetic field. Then, the EPR table moves above the EPR probe to
the Measuring Position, where the m.w. from the EPR table is coupled to the EPR

probe, and the experiment can be performed.

space for Variable Temperature Insert (VTI) pump, and electronics, which would in
another case, consume working space in our lab. The only equipments of magnet
that is not placed in the lab are magnet compressors for the closed helium cryogenic
system. They are installed in the cellar one floor below our lab to avoid their working
noise in the laboratory.

The EPR table can be replaced with another movable setup allowing our magnet

to be used with other techniques. The replacement was performed between the EPR
table and FIR table, designed by Jana Dubnickd Midlikova.

Methodology: All 3D models and drawings were done in Creo parametric (PTC
Inc., USA). Some of the 3D models (holders of cables, shafts, holders for Faradaz
Rotator, etc.) were 3D printed on 3D printer Delta M (TriLAB Group s.r.o., CZ) to

reduce the final cost and speed the spectrometer development. All programs were
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programmed in LabVIEW (National Instruments, USA).

3.1 Magnet Frame

The magnet frame (see Fig. [3.3) is mostly assembled from Aluminum profiles (Bosch
Rexroth s.r.o., Germany). The main advantages of aluminum profiles over the

welded assembly are the modularity and simple construction of the frame.

Energy chain il <—EPR probe
Docking notch (4x)\

Electricity plate. -~ S\ Cover probe

Docking desk \ :
'

X-movement system

Rails (2x)

1325 mm

Fig. 3.3: 3D model of the magnet frame. The docking desk is in the loading/un-
loading position, while the EPR probe is inserted inside the airlock.

The parts of the magnet frame are the superconducting cryogen-free magnet,
airlock, docking desk with the servo-driven system (x-movement system). The su-
perconducting magnet (Cryogenics Ltd., UK) is attached to the frame in a way that
the airlock inserting bore is in the user-friendly height of 512 mm. It is a cryogen-
free magnet. The most significant advantage of such a system is that it does not
need refilling liquid helium and nitrogen. It has some disadvantages, such as the

limited cooling power that limits the possible sweeping rates of the magnetic field
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(mT/s) and maintenance of the cooling system, during which the system has to be
warm up for several days.

The magnet cryostat, VTI, allows to control the temperature in the sample space
from 1.8 K to 400 K by circulating He gas in a separate circuit. However, it also
requires special handling with loading a sample, namely when inserting and removing
the probe, because the circuit is prone to blockage caused by air contamination.
Therefore part of the magnet frame is a home-made loading airlock mechanism
mounted on the top of the magnet (see Fig and Fig. . The airlock is equipped
by a port for side-loading air-sensitive samples with an optical window to check the
sample in sample holders visually.

(A) (B)

Teflon spacer
O-ring

Heater-belts [
Vacuum valve = ?

Inter-space valve

-<<—— Cover tube

11 Inter-space port

i
] |

Side Ioad»;/alve
Probe valve

HE valve
Optical window

Side load

VTI Valve

Fig. 3.4: A) The 3D model of Airlock. B) Cut view of the airlock with loaded EPR
probe.

To insert the EPR probe into the VTI, the probe has to be loaded into the airlock
first with the VTI valve closed. When the probe is loaded into the airlock (see Fig.
, the operator opens the inter-space, probe, and vacuum valves connected to the
scroll pump. Air from the airlock and the EPR probe (waveguide, sample holder,
etc.) is pumped out by the airlock’s probe port. The inter-space port serves for
pumping the space between the o-rings. He-valve is used to flash the probe and
airlock with He gas to reach a better vacuum level. When the vacuum inside the
EPR probe reaches a sufficient level, the operator closes the probe port. Then, the
VTI valve is opened, the EPR probe is slowly inserted into the magnet. Since the
inter-space port remains open, any air that would pass the first two o-rings will
be pumped out, and the He gas inside VTI will not be contaminated, a procedure

known as differential pumping.
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3.1.1 Vacuum transfer system

Part of the EPR table design was the system for transferring the air-sensitive sample
from the UHV chambers (see Fig. [3.5). The main reason for the custom-made
vacuum case was more flexible and broad compatibility not only with our EPR
Table and the cost.

Sample plate

Getter pump

Pmp port Airlock

Vacuum Gauge

\‘\/ Ion pump
o/

Wobble stick

<200 mm Angle adjustment Gate Valves

Fig. 3.5: Design for the EPR transmission system connected to airlock system (with-

out supporting frame) for loading samples into EPR magnet.

The test transfer between the magnet frame and UHV complex was tested with
a copper crystal mounted in an omicron plate. The vacuum pressure, in that case,
was during the transfer 5.7 - 107 mbar with a drop to 107% during the loading of
the sample into the airlock. The transfer test monitored the level of copper sample
contamination during the transport. The contamination levels of nitrogen, oxygen,
and carbon elements, the main polluting elements, were measured before and after
the transfer. XPS spectra were acquired and compared with the XPS spectra before

transportation, resulting in a minor carbon contamination.

3.2 EPR Table

The main parts of EPR table are the aluminum frame (similar to magnet frame),
EPR bridge for m.w. manipulation (QO), m.w. sources, and m.w. detectors),
and electronics for EPR experiments. The EPR bridge is covered by two removable
plexiglass covers to protect QO components from mechanical damage and dust (Fig.
. Some of the QO components like the Faraday rotator and corrugated waveg-
uides/horns of sources and detectors operate only in a certain frequency range and
need to be replaced for each frequency band. Therefore, the plexiglass cover is split
into two halves to be easily taken down for QO components replacement.

To easily undock or dock the EPR table from the magnet frame, the table has

four retractable legs and four docking pins. The coupling of the m.w. between the
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EPR bridge (B) z-movement system (3x)
y-movement System A pjate

Plexi cover

Electronies Rack ~<— Retractable wheel (4x)
Fig. 3.6: The 3D model of EPR table. A) The model displays the EPR bridge
covered by plexiglass covers. B) The model without EPR bridge, plexiglass covers
and support plate.

EPR probe and EPR bridge is realized through an automatized coupling mechanism.
The QO sits on pins of three z-movement systems mounted to the delta plate, which
is screwed to the linear rails with the y-movement system connected. All controllers
such as lock-in, digitizer, servo-electronics, source meter, and 9V /24V power sources

are mounted in the electronic rack.

EPR Bridge The EPR bridge contains m.w. source, m.w. detector and QO solu-
tion with reasonably low m.w. attenuation. Most of the parts of the spectrometer are
frequency-independent parts with low losses. However, some components are spe-
cific for a "narrow'-frequency range ( 100 GHz) and have to be replaced according to
the desired operating frequency. Therefore, the nominal operating frequency range
of the spectrometer - 82 to 1100 GHz - is divided into seven bands with different
frequency ranges and powers (see Table . Mirrors, wire grids, and absorbers can
be in our frequency range taken as frequency-independent components . Fara-
day rotators, corrugated waveguides (EPR probes and antenna horns) connected to
mixers and multipliers are frequency dependent. A unique detector and multiplier

combination is also specific for each frequency range.

'Horns line specify the output size of waveguide for corresponding horn antennas.
2The multipliers are described according to the used AMC (9 or 12 multiplication) and the

specific doubler 9 or tripler xs.
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Tab. 3.2: The basic information about the separate frequency bands.

f(GHz) | 82-125 | 110-170 | 170-280 | 250-350 | 350-500 | 500-750 | 750-1100
A (mm) | 3.6-24 | 2.7-1.8 | 1.8-1.1 | 1.2-0.9 | 0.9-0.6 | 0.9-0.4 | 0.4-0.3
Hornd'l | WR9.0 | WR6.5 | WR4.3 | WR2.8 | WR2.2 | WR1.5 | WRI.0

P(dBm) | +20 +17 +13 0 -3 -5 —25
P(mW) 100 50 20 1 0.5 0.32 0.003
Mult 2 9 12 9429 94x5 | 12425 | 9H+aoys | 1242043

In our setup, desired m.w. frequency is generated by a combination of multipliers
fed by m.w. from AMC (Amplifier / Multiplier Chains) and synthesizers. The
output frequency of synthesizers is still the same, 9.11 to 13.9 GHz. Therefore, more
multiplication has to be used to achieve a higher frequency, which causes that source
m.w. output power is smaller at higher bands. At highest frequency band, sources
output power is 0.003 mWl All m.w. sources, detectors, AMC and multipliers were
bought from VDI (Virginia Diodes, Inc., USA).

A closer look at the Fig. reveals two source lines, local oscillator (LO) and
radio-frequency (RF), and three detectors, cross-polar mixer (XP), co-polar mixer
(Co), and final mixer. The LO does not propagate to the sample. Instead, the
polarizer splits the LO beam into two separate lines, propagating directly to the
mixers. The RF m.w. propagates into the EPR probe (corrugated waveguide) and
is reflected from the mirror under the sample. Then, the reflected RF beam at the
output of the EPR probe can be split into two m.w. beams of the same frequency
but different polarization. The m.w. beam whose polarization was changed by
the sample is deflected by the polarizer above the probe and continues to the XP
mixer. The unchanged m.w. beam goes through the polarizer and continues to the
Co mixer. After the first stage mixing, the signal at the intermediate frequency
(1800 MHz in our case) goes to the final mixer, where the signal is converted to
the DC (m.w. from Co-mixer works as LO, here). In the first stage mixing. DC
signal is then going into Lock-in MFLI 500 kHz/5 MHz Lock-in Amplifier (Zurich
Instruments AG, CH), which is also feeding AC current into modulation coil. That
helps to reduce the 1/ f-noise from the system’s noise figure.

The spectrometer works in induction mode. The polarizer above the EPR probe
reflects into the detector only m.w. beam containing information about the sample.
The induction mode increases the sensitivity of the HF-EPR spectrometer by several
orders. The principle is to detect only part of the signal which contains information

about the sample. After passing of sample in resonance by linearly polarized beam,

3This power is smaller when it reaches the sample as it is attenuated during the propagation of
m.w. through the QO system.
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Fig. 3.7: Schematic drawing of QO solution of FRaSCAN. The legend describes the
main symbols. The m.w. beam is generated in phase-coupled synthesizers multiplied
by AMC and a set of multipliers (xN), depending on the required final frequency.
The numbers in beam paths mark the holes in the QO where the beam propagates
from table top to table bottom and vice versa.

the polarization will slightly change. The polarizer above the probe will deflect part
of the m.w. beam with changed polarization into the XP line. Unchanged m.w.

passes the polarizer and continue into the Co detector.

3.2.1 Automatized coupling adjustment

The FRaSCAN spectrometer was designed with a highly-precise servo-driven move-
ment system. It is realized by five independent assemblies. The x-movement system
driver is part of the magnet frame. It has the highest range of 1100 mm as it is
used, except for precise position adjustment, to move docking desk (with the table
docked) from the magnet when the probe is loaded into the magnet (see Fig. |3.8]).
The y-movement system is mounted on the Table frame and moves the A-plate
perpendicularly to the x-movement system. The last three z-movement system are
mounted on A-plate. They employ the gear that translates the rotary motion of the
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servo into the linear motion of the pin. QO sits without a permanent connection on
those pins. Therefore, the precise angle adjustment is realized by moving one of the
three z-movement systems. If all three z-movement systems are moving at once, the
height is adjusted.

Y - movement system

Z - movement system

Loading

position Measurement

position

Fig. 3.8: Render of Coupling EPR Table with EPR probe via the servo-driven move-
ment system. Left) the position of the table for loading the EPR probe into the
magnet. Right) The position of the table at the measurements position. The x-
movement and y-movement systems employ trapeze rods with driven and backslash
nuts. The z-movement system is composed of three independent systems using a
worm gearbox with a ratio of 4/1. The inset shows distances of z-movement systems
from the m.w. output of the EPR bridge.

All servos are controlled manually via computer and software created in Lab-
VIEW. The coupling adjustment is fully automatic. The operator has to find the
signal in the frequency domain, and then it turns on the program, which will find
the best position in several interactions. It shows that the software can find the
position much faster than the operator in roughly 20 minutes. To compare, it took

several hours to achieve the same results by adjusting the servos manually.

3.3 EPR probe

Fig. depicts schematically the FRaSCAN EPR probe. The sample in a sample
holder (SH) is at the end of a corrugated m.w. waveguide (Thomas Keating Ltd.,
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UK), about 1 m long designed either for 430 GHz or 100 GHz made from German sil-
ver. The waveguide is placed inside a non-magnetic stainless steel cover (cover tube)
and centered by sets of thermal shields along the waveguide. At the top of the probe,
the m.w. corrugated waveguide is attached to the head, which contains 3 electrical
connectors DBEE104A056, SFE104A086, SFE102A053 (Fischer Connectors, CHE)
and one custom-built optical connector. The uniqueness of each connector prevents
them from being changed unintentionally.
The m.w. window in the head is replaceable. At

the figure is shown a 2.213 mm-thick high den- m.w. window ?m.w.
sity polyethylene (HDPE) film. The electrical Distribution box

wires (see Appendix) are shielded and guided in 4

) ) Probe head
two stainless steel tubes to a fast loading flange

(FLF), where the SHs are attached. The first
tube carries wires for custom made modulation Step-motor
coils, temperature sensors (T-sensor) Cernox CX
1050 HT (LakeShore Cryotronics Inc., USA),

and optional heaters and field sensors, the second

Cover tube ———

tube guides wires for sensitive electrical measure-

1050 mm

. . Corrugated probe
ments. Then, the m.w. is focused with EPR
table through the HDPE window into the over- Thermal shields
sized corrugated waveguide with inner diameter Wire tubes

18 mm and propagates there with minimal losses

S le Hold
to the inlet m.w. port of a SH using a focusing ampfe Holder

_/

corrugated taper from 18 mm down to 5 mm di-

ameter. The m.w. waveguide is used to guide |

kv
ML
Api

also the reflected m.w. from a sample back to
the outside optics. Furthermore, the cover tube '

is equipped with a port for a piezo step-motor Fig. 3.9: Scheme of EPR probe.
(PiezoMotor Uppsala AB, SE) which is used to

rotate a shaft used in CSH. The shaft goes down along the corrugated waveguide to
the FLF. This motor can operate in a magnetic field and vacuum, but its function-
ality is uncertain at liquid helium temperatures. Therefore, the motor was placed in
the upper part of the EPR probe, where the temperature is close to room tempera-
ture and hermetically sealed. Motion is then transferred to the sample platform by a
perpendicular gear (1:1), approximately 90 cm long main shaft, a parallel gear (1:5),
and a short second shaft that is inside a sample holder. Described mechanical parts
are all made of brass to ensure the same temperature expansion and reduce stress
(tension) that may evolve from room temperature down to cryogenic temperatures.

In order to reduce temperature sinking through the main shaft, it was separated by
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two mechanical connectors, which were made of PEEK.

Fast Loading Flange (FLF) The design of the FLF consists of two main parts:
a rotary and a base part (see Fig.. The rotary part is free to rotate in a given
range on the base part and it has four grooves for the locking pins, one of which is
larger to ensure a single coupling position for the SH. The base part is connected
directly to the end of the corrugated waveguide. It has 24 female contacts CPINM-
10 (LewVac, UK) divided into 3 connector blocks and a hole for a shaft connection.
The rotary part rotates 90° around the axis of the waveguide, pushing the SH body
and locking pins into the flange. Also upon rotation, all required contacts CPINM-
10 are fastened to the female connectors grouped into three custom-made insulated
8-connector blocks. For good electric insulation and stability, the connector blocks
are made from PEEK. The central 8-connector block contains electric contacts that
are the same for all SHs: two for modulation coils, two for the T-sensor (Cernox
CX 1050 HT, LakeShore Cryotronics Inc., USA), and four auxiliary ones can be
used, for instance, for a magnetic field sensor (HGA-2302, LakeShore Cryotronics
Inc., USA) or additional heater if needed. The other lateral 8-connectors blocks
contain connectors for Rotator SH, Carousel SH and Chip SH (for more details see
Appendix D.2). The rotary part of the flange is made from brass, whereas the
base part from PEEK to provides thermal insulation of the SH from the corrugated
waveguide resulting in better thermal control of the sample. Experimentally, we
observe that this solution decreases the cooling time of the SH from 300K to 4K
to six hours, which is 1/3 less of the time compared to the situation where the base

part is made from brass.

Our probe is shielded by a stainless tube with an open bottom end, where the
sample holder is mounted. The connection feedthroughs are placed on the top of the
probe. The beam enters the probe through a thin Teflon or PET (Mylar) window,
which is transparent for most of the EPR signal. Additionally, the probe is equipped
with copper rings each having ¢150 mm. These rings serve as temperature isolators,
thanks to it the helium flow will be concentrated around the sample and not around

the whole probe, i.e., the temperature gradient in the probe will decrease.

3.3.1 EPR probe features:

Attenuation of m.w. by EPR probe: TIn the test, we characterized only the 430
GHz probe with the flat mirror at the end. The average attenuation measured by

the TK power meter is shown in the table |3.3]
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Male connectors
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Fig. 3.10: 3D drawing of the FLM. 1) Orientation of the grooves of the universal
flange (Rotary part) with the locking pins in sample holder, together with electrical
connectors. 2) Rotation of the universal flange causing the full insertion of the male

into the female connectors. 3) Locked position.

Tab. 3.3: The double pass attenuation of the probe measured by TK power meter.

Range (GHz) | 80-125 170-250 240-380 320-500
Attenuation (dB) | 3.7 2 2.71 1.6

Standing wave pattern: The standing wave patterns of three different windows
were studied. The flat window manufactured from HDPE film has the highest
intensity of standing wave patterns. The conical window from Teflon attenuates the
m.w. by 4 dB compared to the flat mirror. A 30um-thin PET (Mylar) film (typical
food product packaging) can still hold a low vacuum inside the probe (needed due

to airlock system loading) and is the best performance window.

The cooling performance: The cooling performance test was done with two slightly
different setups. The difference between Setup 1 and 2 is the brass part of the FLF
between the EPR probe and the sample holder (in setup 2 was removed), and an
additional copper plate for the increasing flow of cold He through the sample in
Setup 2. Due to this improvement (FLF made of peek and disk mounted at the
bottom of the probe), the lowest possible temperature of the sample decreased from
6.5 K to 2.9 K. Furthermore, the time needed to cool down the selection dropped
by more than half. The biggest improvement was uninstalling FLF and thus de-
creasing thermal flow from the corrugated waveguide. Therefore, we are using FLF
made of PEEK in the current setup with an average time to cool down the sample
of approximately 8 hours (time was measured from the loading procedure of EPR

probe with PEEK FLF during regular operating of spectrometer).
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4 Sample Holders

This chapter sum of the accepted paper to the journal IEEE named: Sample Holders
for Sub-THz Electron Spin Resonance Spectroscopy [67]. Reproducible, fast and
user-friendly exchange of SHs is very desirable for any measurement system, not only
to HF-EPR spectroscopy. It speeds up the setting of a typical experiment, prevents
user errors, i.e. a bad wiring or misalignment, which may affect reproducibility of the
experiment and waste expensive measurement time. For that reason, we developed
a set of SHs compatible with the FLF (see Fig. . All parts of the SHs need
to withstand an operating temperature between 4 — 400 K with negligible volume
changes to keep the m.w. alignment and thus to ensure good m.w. coupling with
the sample. Additionally, they have to be non-magnetic and preferably non-metallic.
For these reasons we found PEEK to be an optimal material, and most parts of the
SHs are fabricated with it.

The design of different SHs can be split into two main categories: bottom-load
and side-load SHs. The bottom-load SHs are easier to manufacture thanks to their
cylindrical symmetry, have a modulation coil of a solenoid shape and provide an
optimal m.w. alignment during the screwing of the functional part into the body.
The side-load SHs possess an extra level of complexity that allows insertion via
a side-load port of the airlock in case of air-sensitive samples or allow inserting
multiple samples which can be loaded at once into the VTI, and use Helmholtz
modulation coils. Both category are designed to have maximal outer diameter of
42mm and can be split into three parts (Fig.[f.1): A) the Fast Loading Flange
(FLF) that redistributes all the necessary contacts and is attached to the end of
the corrugated waveguide; B) a body docked by four aluminium pins to the FLF
with electrical connectors, and that contains a modulation coil and a smooth-wall
m.w. waveguide; C) a functional part that contains the sample and is inserted into
the body. All parts are described in the following text with greater details with

demonstration measurements.

Body of sample holders: The body of SHs are made of PEEK with four aluminium
pins to fit into FLF groves and several holes to allow effective Helium cooling. The
body contain a modulation coil, smoth walled m.w. waveguide and a connectors
part. As mentioned, we divide the SHs for bottom and side loaded, with solenoid or
Helmholtz modulation coils, respectively. The precise field modulation amplitude
was measured experimentally by overmodulating the EPR spectrum on a reference
sample Lithium Phthalocyanine (LiPc). Obtained current values to create of 1 Gauss
modulation at 1 kHz frequency are listed at the bottom of Fig.[4.1]including the type

of coil and number of turns, wide from Cu 32 AWG wire (LakeShore Cryotronics
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Fig. 4.1: Schematic picture of the sample holders’ concept. The SHs can be divided
into three parts: FLF attached to the end of the corrugated m.w. waveguide, body
of SHs and functional parts, where the samples are located. All functional parts with
their respective body are compatible with the FLF. The FLF consists of a set of three
8-connector blocks linked by wires to the probe head connectors, rotary part with
grooves for locking pins at bodies, and shaft used in combination with step-motor
to exchange sample in the CSH. During loading of bodies into FLF, all electrical
contacts and m.w. alignment is made smoothly during the sliding of the locking pins
into the grooves by rotating the rotary part of the flange. Furthermore, the bodies
can be divided into two groups: Bottom-load SH and Side-load SH with solenoid and
Helmholtz modulation coils, respectively. The Bottom-load SHs have a functional
part with a sample screwed into the body, whereas the Side-load SHs have a sample
placed on the platform inserted from the side. The functional parts with location
of the SHs are also shown and are described later in text. Additional parameters
of the modulation coils, including the number of turns, the current for creating 1 G
at 1kHz modulation, the m.w. attenuation at 430 GHz, and the average of m.w.
attenuation of the assembled SHs measured in frequency range (260-500) GHz or
(325-500)* GHz are listed.
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Inc., USA).

Smooth walled m.w. waveguide out of aluminium has inner diameter 5 mm with
the thickness of the wall 0.5 mm. It is pressed into the PEEK connector part of
the body and aligned at FLF by a rim of diameter 12mm to ensure proper m.w.

coupling.

Functional parts: All functional parts are designed to enable a visual and manip-
ulation access to the sample, helping with its alignment and visual check outside of
the SH body (for example by an optical microscope). The six functional parts for
different sample types are described individually with illustrative HF-EPR measure-
ments. Mirrors are made of about 10 nm of gold deposited on 1 ym of aluminum to

prevent oxidation on a 500 um thick silicon wafer.

4.1 Desctription of Sample Holders

The six functional parts for different sample types are described individually with

HF-ESR measurements:

Simple Sample Holder (SSH)

has the simplest functional part (Fig.[4.2). It is used for powder samples pressed
into pellets of diameter 5mm and thickness of (1-3) mm, or other solid materials
(wafers or crystals) placed directly on the mirror with maximal dimension of cube
with the edge 3.2mm in order to fit in 5mm diameter. The SSH functional part is
manufactured from PEEK, is equipped with a 5mm diameter smooth-wall cylindri-
cal waveguide and a mirror at the bottom. This part is screwed into the body during
the measurement, where the corresponding waveguides are aligned with a minimal
gap. The simple construction results in the holder with the lowest attenuation of
the m.w. (double pass) 1.4dB (2.6dB) at 430 GHz (average attenuation between
260-500 GHz) (see Fig.[4.1).

Fig.[4.2] shows test EPR measurements for this holder on MnjsAc presented as
a EPR map. MnjsAc is a coordination compound with the total spin S = 10. The
presented data shows that the sample holder is capable of measuring in both the

frequency and field domains.

Liquid Sample Holder (LSH)

is designed to study liquids or air sensitive samples, has a similar design to SSH

with a few adaptations to the functional part, such as a viton o-ring and a sapphire
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Fig. 4.2: Left) Photograph and drawings of the SSH functional part. A sample in
the form of a crystal or a press powder pellet is fixed on the mirror by an EPR silent
vacuum grease inside a 5 mm diameter waveguide. The maximal size of crystal that
can be loaded into the SSH, is a cube of edge 3.2mm. Right) The measurement are

showing EPR map 1200x800 resolution of MnjsAc crystal together with simulation

(green lines).

window with a nut placed on top. A nut (PEEK) seals the sample cell upon screwing
into a thread on the top of the functional part (Fig.|4.2)). The hermetically sealed
cell can hold volatile liquids in a vacuum environment for weeks. Since our system
also operates in the FDMR regime, the studied solution is placed directly on the
mirror surface (located at the bottom of the sample cell), where the magnetic field
component B; of the m.w. has its maximum amplitude . The functional part can
be manufactured with a groove of different depths for solvents with higher or smaller
dielectric losses to get the best possible SH performance . The attenuation of the
m.w. is 2.2dB (4.7 dB) at 430 GHz (average attenuation between 325-500 GHz) in
an empty LSH. Apart from the 1-mm thick sapphire window in the m.w. pathway,
LSH and SSH have a similar design, and therefore similar attenuation figures.
The data presented in Fig.[4.2] display the high-frequency measurements of 1 mM
TEMPOL dissolved in acetone. We found out experimentally that a 4-mm deep

groove with 40 p L of solution provides good EPR signal.

Rotator Sample Holder (RSH)

is designed to rotate samples such as single crystals or thin films in the magnetic
The information extracted from those

field during the HF-EPR measurements.
measurements can provide detailed information about anisotropy of magnetic inter-

actions in paramagnetic materials or solid-state phenomena as cyclotron resonances
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Fig. 4.3: Photograph and drawings of the liquid SH’s functional part. The lig-
uid sample is hermetically sealed in a cell with the o-ring and 1 mm thick sapphire
window. The functional part can be manufactured with a different groove deepness
according to the solvent needed for the measurements. B-Bottom) Frequency do-
main magnetic resonance (FDMR) measurement of 1 mM of TEMPOL in acetone at
330 GHz and 94.7 GHz at 300 K. The sweep time was 500 ms, with a field modulation
of 6 G at 41kHz. The final spectra is the average of 64 measurements acquired by

lock-in amplifier.

in conducting materials [70-74].

The functional part consists of several cylindrical parts with holes providing a
steady flow of Helium around the sample for a faster cooling down time. The top
rotary base with the leading pin has one degree of freedom and can rotate 360
degrees. Three leading pins in the functional part and the guiding grooves in the
body guarantee the correct alignment of the electrical contacts while the rotary base
of the functional part allows transferring the rotary motion of the screw to linear
motion. The unique position of the three leading pins ensures only one possible
loading position (Fig. [4.4)). The RSH’s functional part provides 11 contacts, five
of them are used for the piezo-rotator (2) and built-in encoder (3), the remaining
contacts are for T-sensor and an eventual heater or field sensor. A crystal sample
is located on the sapphire rod (Crytur a.s., CZE), which is connected directly to
a piezo-rotator (ANRv51/RES/LT, Attocube systems AG, DE). It can work at
temperatures below 4 K, in UHV and high magnetic fields. Moreover, it has a built-
in encoder allowing measurements with very fine resolution of 0.006° (Fig.[4.4] C).
The direct connection of the sapphire rods minimizes errors caused by the rotation.

The mirror is placed 2 mm under the axis of the sapphire rod. So far, we have

designed and manufactured two sapphire rods. One with a semicylindrical shape, the
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Fig. 4.4: A) Picture and drawings of the RSH functional part, rod types and top
view. A sample is glued on the sapphire shaft by an EPR silent vacuum grease,
eicosan or epoxy. Depending on the experiment, two types of rods are available.
The first, with a semi-cylindrical shape, is mainly used for studying thin-layered
materials (the maximal thickness of the layer is 1.2mm). The second, with cylindri-
cal shape, is used for studying crystals with a maximal size of a cube with 2.5 mm
edge. The necessary electrical connection for piezo and T-sensor are connected au-
tomatically during the screwing of the functional part into the SH’s body. The
leading pins with unique orientation prevent the unwanted exchange of contacts. B)
The rotation map of Copper acetate from 0 to 280° at a magnetic field of 7.5T.
The detail in the right displays a spectrum of one frequency sweep at 70°. The
acquisition time of each FDMR spectrum is 16 s, and the map was measured in 103
minutes. C) A detailed map at the crossing of the EPR lines with an angular step
of 0.1°.

second rod has a cylindrical shape. To increase m.w. propagation the waveguide is
prolonged down to the mirror with a cutout only for the sapphire rods (see Fig.|4.1]).
However, due to its complex structure, it has the largest return losses out of all SH,
at 430 GHz (average attenuation between 260-500 GHz) the return losses are of 8 dB
(9.1dB) with the semicylindrical sapphire rod.
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The Fig.[4.4]in the middle and bottom displays FDMR rotation maps for a single
crystal of copper acetate monohydrate [Cu(CH3COO)s-Hy0]. The four EPR signals
observed at a single field/frequency correspond to the m.w. absorption by two
rotated molecules in the lattice of this compound. The 0-280° map was obtained
by performing automated FDMR measurements and simultaneously rotating the
crystal by a 1° step, whereas the detailed map in the range -10°-10° has a 0.1°
step. This methodology with FDMR decreases measurement time from days to
hours, comparing to a field-domain measurement, and still, the spectrum at a single

orientation can be extracted from the map.

Chip Sample Holder (ChSH)

allows characterization of electrical/electronic devices under m.w. irradiation or
to perform magneto-transport measurements . The functional part contains 20
connectors, 16 of them host a chip expander, while the other four connect the T-
sensor and the heater. The chip expander is a small printed circuit board (PCB)

with 16 gold deposited holes and contacts, prepared for wire-bonding of samples .

Chip with sample or device
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Fig. 4.5: A) Picture and drawings of the ChSH functional part. The T-sensor and
the heater are under the sapphire plate, which works as a heat buffer. The sample
is glued on the chip that is inserted into the male connectors of the functional
part. The inter-space between the contacts is slightly bigger than the inter-space
between the holes in chip, ensuring good electrical contact at any temperature. B)
Measurements of a graphene bolometer’s I/V curves with (ON) and without (OFF)
m.w. irradiation at 15 K. The design of the bolometer is in the inset of the plot.
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The maximal sample size which can be wire bonded is 8 mm x 8 mm. A small
mismatch fit between the electrical connectors and the chip expander’s holes guar-
antees tension for reliable connection. Any device prepared and wire-bonded to the
chip expander can be easily loaded with the minimal user interaction (see Fig..
A sapphire heat sink is placed under the chip expander in order to dissipate the heat
effectively to the sample [76]. The T-sensor and the heater are glued to the bottom
side of the sapphire plate, which allows precise temperature control of the sample
with an stability in the order of 10 mK. Furthermore, the effective Helium cooling is
provided by holes in the functional part. Similarly to RSH, three leading pins in the
functional part and the guiding grooves in the body guarantee the correct alignment
of the electrical contacts, while the rotary base of the functional part allows transfer-
ring the rotary motion of the screw to linear motion. After screwing the functional
part there is a gap between the sample and the waveguide to avoid touching wire
bonds on the sample, resulting in a backward reflected EPR measurements with
5.9dB (5.8dB) loss at 430 GHz (average attenuation between 260-500 GHz).

The Fig. shows an example of 1/V characteristics of a graphene bolome-
ter [77]. We tested the bolometer response to microwave radiation at 98 GHz (red
line). The I/V response with (ON) and without (OFF) m.w. irradiation was mea-
sured at zero external magnetic field applied. The shift in curves is caused by m.w.
irradiation and changes in the bolometer resistance. This represents the character-

istic behavior of the bolometer [77].

Carousel Sample Holder (CSH)

was designed to load up to six samples in individual cells simultaneously inside a
side loaded rotary platform in the functional part (see Fig.. The process of
changing sample directly inside the magnet significantly reduce spectrometer usage
time. With the carousel implementation, the user can switch between six samples
directly in the cryostat without unloading the probe, thus saving overall up to 30 h.
Moreover, one of the six cells can be used for the system optimization/calibration
using a reference sample. Additionally, CSH is the best possible solution for future
quantitative high field EPR applications, because the samples is switched directly
inside the SH without changing the m.w. coupling. Each sample cell is 5mm in
diameter and 4 mm deep. For better m.w. propagation, the cells’ walls are made
from an aluminium smooth-wall waveguide as in the corresponding body.

The precise position of the sample cells with respect to the body’s waveguide
is achieved by a piezo step motor (PiezoMotor Uppsala AB, SE) located outside
of the cryostat. It is connected through a shaft to a gears mechanism in the body
(Fig.[4.1) and with the rotating platform (functional part). With a 0.01° motor step
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Fig. 4.6: A) Picture and B) drawings of the 6-cell rotary platform of the CSH. Sam-
ples are glued on the rotary C) platform’s mirror by an EPR-silent vacuum grease.
The mirror is divided into conducting and non-conducting segments, reducing the
eddy-currents created by the modulation coil. D) Cw-EPR measurements using the
different cells at room temperature loaded at once (five BDPA samples with differ-
ent concentration and one reference LiPc sample). The magnetic field sweep was
0.5mT/s with field modulation of 10.1 kHz and amplitude 30 G. The measurements
are normalized to the intensity of the weakest spectrum (red). The inset shows the
plot of the normalized intensities for each sample against their number of spins.
Changing among different samples takes a few seconds with the SH placed inside
the magnet VTI.

and a gear mechanism (gears ratio 1/5) made from brass, we have the theoretical
step precision of 0.002°. To ensure proper m.w. coupling between the body and
functional part, the positioning system is composed of a potentiometer/encoder ring
(a graphite/silver thick film on the ceramic substrate, made by SEANT Technology
s.r.0., CZE) glued to the bottom of the SH’s body and a slider made of phosphor-
bronze mounted directly to a bigger gear whose axis is parallel to the encoder axis
and the sample functional part axis (Fig.4.1). The feedback control of the SH is
performed automatically via a script included in the home-built LabVIEW software
of the FRaSCAN spectrometer. With this system, we can change the sample cell
within our temperature working range with the precision of 0.05° and ensure good
m.w. coupling. The m.w. attenuation in the CSH is 2.2dB (2.1dB) at 430 GHz
(average attenuation between 260-500 GHz).

Preliminary results of our quantitative EPR measurements are shown in Fig.[4.6]
The CSH was loaded by five differently concentrated «,y-Bisdiphenylene-3-phenylallyl
(BDPA) samples and one LiPc reference sample. The intensity of BDPA signal from
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each sample follows its concentration (see insert in Fig. |4.6]).

Vacuum Sample Holder (VSH)

in combination with a mobile UHV suitcase allows to study air-sensitive structures
prepared in a UHV chamber. It is based on an Omicron plate (Scienta Omicron
GmbH, DE) for transporting air-sensitive samples which are often manufactured
and studied in UHV systems (Fig.|4.7)).

5 Izo2g
. .&D /7 N\
Sample/Crystal Q‘: 1 s
%_ I v 180 GHz 1
5.5 mm | 0 5 a4 ¢ 3 10 D
i Magnetic Field (T)

Fig. 4.7: Left) Picture and drawings of the VSH’s functional part. The different
crystals made of aluminum, gold, silver, or copper can be fixed between two Omicron
plates, and the studied structure is then deposited on the top of it. Right) The cw-

EPR measurements of Fe-Pt pressed-powder pellet placed on the functional part.

A sample in the form of a deposited layer on a single crystal of Copper, Gold,
Iridium etc. (Structure Probe Inc., USA) or on a wafer is fixed to the Omicron
plate and side loaded into the VSH. A crystal or a wafer serves as the mirror
for EPR measurements. The m.w. attenuation of the holder is 6dB (7.2dB) at
430 GHz (average attenuation between 325-500 GHz). However, the size of the crys-
tal and the metallic plate decreases efficiency of modulation coil (Fig.. Thanks
to the VSH, HF-EPR measurements are possible in addition to the XPS (X-ray
photoelectron spectroscopy), STM (Scanning Tunneling Microscopy), LEED (Low-
Energy Electron Diffraction), and other techniques often used in nano-fabrication
clusters .

The proof of concept EPR measurements were done with pressed-pellet of Iron(II)
phthalocyanine (FePc) placed on the Omicron plate (Fig[d.7)), one of the candidate
for future deposition in UHV.
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5 Rapid Scan Measurements

This chapter presents the Rapid Scan measurements performed in the FRaSCAN
EPR.

Sensitivity The sensitivity of the spectrometer was determined from the depen-
dence of the SNR on sample spin concentration. The absolute sensitivity was
measured for SSH. Sample, DPPH in polystyrene, was made with concentration
of 10' spins (number of spin in the whole sample) and measured at 100 GHz. The
detection bandwidth (1ms) and modulation 15G was used. The measurement re-
sults in SNR of 320, then the absolute sensitivity for SSH is:

10" spins

320-vV1Hz-15G

NsSH—minimal = = 2-10"spins/(G - VHz). (5.1)

Compared to the spectrometer described in reference [35] with sensitivity 5- 10
spins, our sensitivity is worse. The low sensitivity is caused by performing the
measurements at 150 GHz and 100 GHz ranges, where the QO is not well-optimized.
Moreover, the result shown in [35] were obtained at 320 GHz and 60 K, using bolome-

ter as the detector, which have generally higher sensitivity.

Rapid scan measurement at high frequencies This section is the summary of
the article [81]. For the case when the resonance line contains only homogeneous
broadening, the EPR spectrum can be simulated, and 75 relaxation time can be
numerically extracted [81]. However, the rapid scan spectrum at high frequency
also contains non-homogeneous broadening. The broadening is caused by (hyper)fine
structure, g-factor anisotropy, g-strains, and nonuniform magnetic field distribution
over the sample. Fig. shows the fit of the rapid scan signal with homogeneous
and non-homogeneous broadening at 430 GHz. The non-homogeneous broadening
precludes the equations in subsection Rapid Scan Theory to simulate rapid scan
with an additional parameter. Moreover, the experiment needs to be changed too.

Due to broader lines, the necessity of faster sweep rates as the condition becomes:

dw

— | > Aw?
dt v

— Y

(5.2)

where Aw is the half-width at half maximum of the slow scan EPR spectrum char-

acterized by relaxation time:

1
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Fig. 5.1: An example of rapid scan ESR acquired on a single microcrystal of LiPc
(blue) and its fit with homogeneous (green) and in-homogeneous (red) broadening

models. Incident microwave power is ImW, 10* averages, total acquisition time is 5

s. Published in [81].

The sweeps rates are not such a problem in the modern spectrometer, where
rapid scan on any ESR line with Aw up to 100 MHz can be recorded . How-
ever, to be able to simulate non-homogeneous broadening, the Bloch equation has
to be modified by an additional relaxation mechanism. Such a modification is rather
complicated as there typically several non-homogeneous broadening sources are in-
volved. Regardless of the origin of non-homogeneous broadening, the resulted slow
scan ESR spectrum is a sum of contributions from individual spin packets. The

individual rapid scan responses from the overall spectrum can be written:

r(t) = (Z sixd)(t) = (sixd)(t) =D ri(0). (5.4)

Then, the rapid scan spectrum of a complex system can be obtained as a weighted
of these sum of the solutions of the Bloch equations. The demonstration of this the-
ory was done on LiPc crystal needle (see Fig. [5.1). The benefit of LiPc is an
extremely narrow signal width of 50 KHz at X-band . The linewidth became
broader with higher frequencies. That can indicate the shorter spin-spin relaxation
time T5. The origin of the non-homogeneous broadening in LiPc is probably unre-
solved hyperfine splitting from Li and N nuclei and g-factor strain. Fig. shows
that without the g-strain (green), the oscillation is more dominant than simulation

with g-strain (red), which matches well with the experiment data. The simulation
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with the g-strain was done by calculating 30 rapid scan spectra with the normal

distribution of g-factor, then they were summed up with the corresponding weights.

Rapid Scan with the Rotator Sample Holder This section presents a study of the
spin relaxation of crystals during their rotation in a magnetic field using the RSH.
The test sample, LiPc crystal, was glued by epoxy to the rotator rod, and then rapid
scan measurements were performed with different orientations (see Fig. [5.2). The
spectra were obtained at room temperature and By of 5.5 T, corresponding to the
m.w. frequency in the 150 GHz range. Even without quantitative analysis, it is seen
that the oscillations’ amplitude is smaller for the crystal orientation perpendicular
to the magnetic field, meaning the shorter spin relaxation time. The spectra sim-
ulation with the modified Bloch equations resulted in 75 = 305 and 370 ns for the

perpendicular and 45° orientations.
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Fig. 5.2: Rapid scan measurement on LiPC with the different crystal direction to
magnetic field By. Sample was glued to the rod of RSH by epoxy. Parameters of

the measurement: By = 5.452 T, T = 293 K, frequency sweep 152.56 - 152.63 GHz,
number of averages 2 000 000.

From the measurements performed with pulse X-band EPR [83], it is known that
LiPc has the slowest spin relaxation when the crystal is oriented perpendicularly to
the external field By.
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Rapid scan on radicals with Liquid Sample holder In this section, the combi-
nation of Rapid scan with the LSH is presented. The measurement in Fig.
demonstrates the proof of concept and the possibility of using our spectrometer to

study the relaxation time of radicals in liquid solutions.
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Fig. 5.3: Rapid scan measurement of 2mM BDPA dissolved in toluene. The not-
degassed sample (= 50 nl) was sealed in LSH. The parameters of the measurements:
frequency generated by AWG at 390 GHz in chirp pulses of 1.8 GHz (V Shape),
sweep rate 0.5 us, T=293 K, By =~ 14 T, number of averages = 2 000 000.

BDPA dissolved in toluene at 2mM concentration was measured at 390 GHz.
The sample was not degassed, making the signal broader and less intense due to the
presence of oxygen [84]. Two resonance signals result from shifting the main signal
(see Fig. blue) via DC in the modulation coil. Higher current, which would shift
the second resonance out of the measurement spectra, was not used due to the limit
of the used current source (2.5 A). Our synthesizers could not sweep sufficiently fast
over the signal area in these particular measurements. Therefore, AWG replaced
them to generate a broader sweep (chirp pulses of 1.8 GHz (V Shape) with a sweep
rate of 0.5 pus.), which was necessary to see rapid scan oscillations. Moreover, the
detector mixers were replaced by zero bias detectors due to unstable dual-channel
AWG output, resulting in the wrong synchronization of LO and RF lines. The final
spectrum is the result of 2 000 000 averages. Despite that, the background of the
spectrum is significant, which made it impossible to simulate the rapid scan signal.
This measurement is proof of the applicability of our spectrometer for the study

relaxation times of radicals but further work will be needed to improve the method.
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Conclusion

This work focused on the development of an EPR spectrometer with the main goal
of measuring relaxation times via Rapid Scan, called FRaSCAN EPR. The main
properties of the FRaSCAN Spectrometer are frequency range 80 — 1100GHz, mag-
netic field range 04+16 Tesla, Sample temperature from 2 — 400 K, and possible to
run continuous wave EPR experiments in field domain and frequency domain (even
simultaneously), and rapid scan EPR. This thesis is split into two main parts, the
theoretical and practical ones.

The spectrometer consists of three standalone parts: magnet frame, EPR table,
and EPR probe. The magnet frame holds the superconducting cryogen-free magnet
in the lab pit. Therefore, loading the sample into the magnet is in an user-friendly
height. Furthermore, the magnet frame contains the automated docking desk with
all electronics, computer ports, and the servo-driven movement system for coupling
different tables with the superconducting magnet. The switching of tables was
demonstrated with FIR and EPR tables. One important part of the magnet frame
is the designed airlock system, which allows loading the EPR probe into the magnet
VTI without air contamination. The airlock was designed with a side valve and
window, which allows the transfer of sensitive samples into the probe inside the
airlock via a designed UHV transfer case. The EPR table has a frame with a
retractable wheel which allows it to be undocked from the magnet frame. The
EPR table contains all electronics and m.w. components, which are needed for the
EPR experiment. It contains m.w. sources and detectors, quasi optics solution to
couple the m.w. with EPR probe, electronics needed for EPR experiments (lock-in,
digitizer, source-meter. power sources), and four servo-driven movement systems for
automatic m.w. coupling between the EPR table and EPR Probe. Proof-of-concept
test shows that automatic procedure significantly reduces the time needed to couple
the m.w. beam between the table and probe. The last part of the spectrometer
is the EPR probe. The EPR probe is the long corrugated waveguide shielded by
a stainless tube with an opened bottom end and with window at the top. The
stainless steel tube serves for differential pumping during the loading of the EPR
probe into the magnet through the airlock. At the bottom of the EPR probe is the
FLF, which reduces the sample holder preparation and loading to a minimum time.
Thanks to FLF, wiring, and m.w. coupling of the sample holder is reduced to the
minimum. The part of the design was also the study of m.w. attenuation by VNA
and Tk power meter, study the cooling dependence of the EPR probe, and testing
and troubleshooting of all mechanical parts.

In total, six different sample holders were designed and troubleshot. All sample

holders are shown together with the measurement as the proof-of-functionality. SSH
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for measuring press powder pellets or crystals with Mn;» EPR map, RSH for oriented
crystal measurement with rotary map measurements of copper acetate, ChSH for
testing devices under m.w. with the test of the bolometer, Liquide SH for measuring
liquid samples with measurement TEMPOL dissolved in acetone, CSH for measuring
up to six press powder pallets with the example of quantitative EPR measurements
done with five differently concentrated BDPA samples, and VSH for measure air-
sensitive samples prepared in UHV cluster with measurement of press powder pallet.
Moreover, m.w. VNA studied attenuation in sample holders to improve overall
performance. VNA measurements were used for the inner diameter of the waveguide
optimization and to know which frequencies to avoid during the EPR experiments
for each sample holder.

The end of this thesis is focused on rapid scan measurements. At the beginning
is shown how to calculate the sensitivity. Even the sensitivity (5 - 10 spins/(G -
vHz)) results to below others HF-EPR spectrometer (5- 10" spins/(G - vHz)) [35],
the spectrometer is under constant development. As the specter’s troubleshooting
continues, I believe that this number will decrease to the point that spectrometer
sensitivity will get to the state-of-the-art point. Even while I was finishing this
thesis, the crucial problem in orientation XP mixer, which attenuates signal by 3
dB, was found. Nevertheless, I would like to mention a few suggestions that would
be worth investigating in the future to improve spectrometer sensitivity:

o First of all, the ground of the detectors. The noise of different frequencies
was present from time to time during the measurements. I would recommend
avoiding any ground loops which would be found. Moreover, all the grounds
should be connected to one line separated from the power grid.

e Secondly, I would recommend a more deep analysis of XP isolation and leakage
from CO into XP when the m.w. propagate into the EPR probe. We recently
found out that there is quite a big leakage of LO into the XP detector. The
origin is unsure yet. It is mainly visible when the high power output of m.w.
source is used. If the origin is in the probe, one solution might be to implement
a roof mirror that can rotate under the sample to increase XP isolation.

e Thirdly, I recommend checking the modulation coil wiring connection as some
modulation frequencies create random signal steps in EPR spectra.

The last chapter shows a series of rapid scan EPR done with LiPC, ending with
proof-of-concept a rapid scan on the radicals, not degassed sample of DPPH dis-

solved in toluene, which was the main task of my Ph.D.

Perspectives: Despite the fast development of magnetic resonance field, I hope
that this thesis will remain up-to-date and provide useful information to anyone

who will read it. A HF-EPR spectrometer is high complexity and not easy to build
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and operate. In my work, I pointed out that any spectrometer using a sample holder
without a resonator (non-resonant sample holder) has a wide range of applications,
which can be reached by designing appropriate sample holders. There are plenty of
problems that still need to be solved in the development of rapid scan EPR. How
to make stable broad sweep, background treatment for broad signals, measurement
of T} time and more. Still, even little progress of EPR spectroscopy can bring new
information in many scientific disciplines.

We prove that our spectrometer can perform rapid scan on the samples with
a relatively narrow signal like DPPH or LiPC. Next progress in frequency domain
rapid scan will open the door of the new broad use of EPR. Thanks to broader
operating range (tens of GHz) and the absence of a dead time, rapid scan can
theoretically measure extremely short 75 (ns) relaxation times at any frequency
within the spectrometer’s frequency range. Therefore, as the sensitivity of detectors
and spectrometer goes higher together with more powerful and faster m.w. sources,
we can expect measuring 7, and 7} time on samples with broad line width such
as transition metals complexes, SMM/SIM quantum bits, and others. Moreover,
our successful experiment on DPPH will open the door for DNP radical study in
the near future. The development of rapid scan on radicals dissolved in liquid will
continue in our EXPRO GACR project (Implementation of Frequency Rapid Scan
Electron Spin Resonance Spectroscopy into Nuclear Magnetic Resonance Systems),
which recently received financial support. The successful study of such radicals
in high magnetic fields is necessary in understanding and optimizing the nuclear
polarization efficiency and developing spin polarization agents. Thus, significantly

improve the NMR spectroscopy.
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