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Abstract—Electron spin resonance (ESR) is a powerful
spectroscopic technique used to investigate samples with unpaired
electrons in a broad range of scientific fields. High-frequency
ESR (HF-ESR) spectrometers operating at sub-THz frequencies
are mostly custom-made with non-standard solutions. This article
presents a set of six different exchangeable sample holders with
a fast-loading flange for a sub-THz ESR spectrometer operating
at high magnetic fields up to 16 T and temperature ranges of
4-400 K. Here, we report on the concept, design, and illustrative
measurements of non-resonant ESR sample holders for the
measurements of samples in a liquid solution, polycrystalline-
compressed powders, oriented single crystals, electrical devices
under sub-THz irradiation, as well as for samples transferred
from the ultrahigh vacuum (UHV) systems without air contami-
nation. Our solution expands the usage possibilities for HF-ESR
spectroscopy, showing that one spectrometer with the presented
concept of sample holders enables a wide range of applications.

Index  Terms—Frequency-domain  magnetic  resonance
(FDMR), high-field/high-frequency electron spin resonance
(ESR)/EPR, high-frequency (HF) EPR, liquids, rapid scan (RS)
ESR, single-crystal, ultrahigh vacuum (UHV).

I. INTRODUCTION

INCE the discovery of electron spin resonance (ESR)

by Zavoisky in 1944 at Kazan Federal University,
Kazan, Russia [1], there has been vast development in the
field of magnetic resonance. Nowadays, ESR methodologies
cover various science disciplines [2], including solid-state
physics [3]-[7], quantum information processing [8], [9],
biophysics [10]-[14], and chemistry [15]-[17].

The principle of ESR is based on the Zeeman effect (see
Fig. 1), where the magnetic component, Bj, of an electromag-
netic wave at frequency f interacts with the magnetic moment
of an unpaired electron spin, S = 1/2, in the presence of an
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applied external magnetic field By. The resonance condition
for S = 1/2 is then as follows:

AE =FE; — Ey =hf = gupBes (1)

where E; and E, are energies of the two possible my
states of spin § = 1/2, h is the Planck constant, Bies
is the resonance field, and g is the g-factor, a finger-
print of the measured atom, molecule, or structure contain-
ing the unpaired electron. For a free (unbound) electron,
g = g = 2.00231930436146(56) [18], one of the most
precisely measured nature constants. The resonance condition
implies that the irradiation frequency ratio to the magnetic
field scales as 28 GHz/T, comprising the microwave (MW)
range.

An absorption ESR signal is observed when the resonance
condition is fulfilled, for example, when the electromagnetic
wave’s energy hf matches the energy levels’ separation AE
(see Fig. 1). In order to further improve the ESR signal-to-
noise ratio (SNR), a small modulating field, Byod, oscillating
at a few kHz, is applied, leading to the actual measurement
of the derivative of an absorption spectra (see Fig. 1) [19].
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). This is often the case of important
molecules for technical developments in the field of quantum
computing and data storage [20], [21], the so-called single-
molecule magnets (SMMs) or single-ion magnets (SIMs).
SMMs or SIMs are based either on the transition metals (Mn,
Fe, Co, etc. [22]-[25]) or lanthanides [26], [27]. In these cases,
a typical ESR spectrometer operating at X-band frequencies
(9.6 GHz, 0.343 T for g = 2) is not able to access ZFS
transitions [5], [28]. This limitation drove research efforts to
develop ESR spectrometers at higher frequencies, enabling
access to these higher energy transitions and to improved
sensitivity and enhanced spectral resolution [26], [29]-[32].

The advances in MW technologies have been driving the
development of new methodologies in ESR [33], resulting in
the commercially available ESR spectrometers operating at
J-band frequencies (263 GHz, 9.395 T for g = 2) (Bruker
Corporation, Billerica, USA) and custom-made spectrometers
working in a broad range of frequencies up to the THz
range [34], [35]. These ESR spectrometers work either in
a pulsed or in a continuous wave (CW) regime. Whereas
high-frequency CW-ESR spectrometers operate at low MW
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Fig. 1. Tllustration showing an interaction of an electron spin, S = 1/2, with
an external magnetic field, Bo, and an oscillating electromagnetic irradiation
at frequency f (microwave range, GHz). If the magnitude of the external
magnetic field By is zero, there is no energy difference between the two spin
states mg = +1/2 and mg = —1/2, and they are degenerated. In the presence
of the external magnetic field (By # 0), the degeneracy is lifted and the two
states E7 and E; are separated by AE, the Zeeman splitting. By applying an
appropriate microwave at energy hf = AE matching the Zeeman splitting,
an ESR absorption signal is observed. In the typical ESR experiment, the
lock-in technique is used, the weak ESR absorption signal is encoded by a
small modulation of the external magnetic field Byoq by a modulation coil at
the frequency of a few kHz, which results in observing the first derivative of
the absorption ESR signal.

power (typically few milliwatts) using non-resonant sample
holders allowing multi-frequency ESR [36], the pulsed-ESR
spectrometers need high-power microwaves on the sample
and use resonant cavities in order to flip magnetization [19],
which restricts the operation to single-frequency excitation
only with a narrow bandwidth (less than 1 GHz). Besides
obtaining the ESR spectra, the pulsed ESR spectrometers also
provide information about the spin dynamics [19]. Histor-
ically, both mentioned methods are performed in the field
domain due to the easy sweep of the magnetic field when
compared to sweeping an excitation frequency. However, the
recent development of microwave technologies has enabled
frequency-domain magnetic resonance (FDMR) spectroscopy
with high sensitivity [29], [34], [37]-[39]. Many HF-ESR
groups have previously described systems including different
types of sample holders [34], [36], [40]-[43].

FDMR spectrometers in combination with non-resonant
sample holders allows the performance of rapid scan (RS)
ESR [30], [44], [45]. If the frequency is swept through the
resonance faster than the relaxation times of the sample,
the recorded signal is in the form of “wiggles” containing
information on the spin dynamics. The deconvolution of
the RS signal removes these wiggles, giving a non-distorted
ESR absorption spectrum, and the relaxation time 7, can be
obtained with the help of the modified Bloch equations [46].
The main advantages of RS over pulse ESR are much broader
operating range (tens of GHz) and the absence of a dead time
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Fig. 2. Schematic drawing of the ESR probe with an SH located in a
cryogen-free superconducting magnet equipped with a variable temperature
insert (VTI).

(in which the detector is protected from the MW source’s high
power). Therefore, RS can theoretically measure extremely
short 7, (ns) relaxation times at any frequency within the
spectrometer’s frequency range [30], [47].

ESR has broad applications ranging from physics, over
chemistry to biology, and therefore a wide variety of sam-
ple types exist with different requirements [2], [48]. The
message of this article is to show 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 new sample holders. Therefore,
here we report on the concept, design, and production of
six different exchangeable non-resonant ESR sample holders
(SHs): a simple sample holder (SSH) for measuring pressed-
powder pellets; a rotator sample holder (RSH) for recording
the ESR spectra of a crystal with magnetic anisotropy; a chip
sample holder (ChSH) for measuring and testing nanodevices
under MW irradiation; a liquid sample holder (LSH) for
measuring samples in liquid form and air-sensitive samples;
a carousel sample holder (CSH) for loading up to six pressed-
powder pellets to significantly save the spectrometer time, and
finally, a vacuum sample holder (VSH), which is designed
for measurements of samples transferred from UHV systems
without air contamination.

II. EXPERIMENTAL SETUP

The SHs are designed for a sub-THz frequency rapid
scan (FRaSCAN) ESR spectrometer. Fig. 2 depicts schematic
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part of the FRaSCAN ESR spectrometer where SHs are
placed. The SHs are located at the end of the measurement
probe (about 1-m long) that is inserted into a cryogen-free
superconducting solenoid magnet equipped with a variable
temperature insert (VTI) with 50 mm of diameter sample space
(Cryogenics Ltd., London, U.K.). A home-built airlock port is
used for the probe insertion to avoid contamination of the
closed-cycle helium environment by pumping and flushing
the probe space before it slides into the operation position
through the then opened VTI valve. Moreover, the airlock
has a port for side-loading samples that can be transferred
from a glove box or UHV system with an optical window
to allow the visual check of the sample is being loaded into
the dedicated VSH. The sample in an SH is at the end of
a corrugated MW waveguide. Two corrugated waveguides
(Thomas Keating Ltd., Billingshurst, U.K.) were manufactured
from German silver, one designed for 100 GHz and the
other for 430 GHz. 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 MW corrugated waveguide is attached
to the head, which contains three electrical connectors—
DBEE104A056, SFE104A086, and SFE102A053 (Fischer
Connectors, Saint-Prex, Switzerland)—and one custom-built
optical connector. The uniqueness of each connector pre-
vents them from being changed unintentionally. The MW
window in the head is a 2.213-mm-thick high-density poly-
ethylene (HDPE) film. The electrical wires (see supplementary
information) are shielded and guided in two stainless steel
tubes to a fast loading flange (FLF), where the SHs are
attached. The first tube carries wires for custom-made modula-
tion coils, temperature sensors (T-sensor) Cernox CX 1050 HT
(LakeShore Cryotronics Inc., Westerville, USA), and optional
heaters and field sensors, whereas the second tube guides wires
for sensitive electrical measurements. The MW used to irradi-
ate the sample in the center of the magnetic field is generated
outside the VTI by a synthesizer (8—14 GHz) and multiplied by
a set of frequency multipliers and amplifier—multiplier chains
(AMCs) (all from Virginia Diodes Inc., Charlottesville, USA)
into the desirable frequency in a range of 90-1100 GHz.

Then, the MW is focused with outside-located optics (not
shown) through the HDPE window into the oversized cor-
rugated waveguide with an inner diameter of 18 mm and
propagates there with minimal losses to the inlet MW port
of an SH. There, using a focusing corrugated taper, the MW
is focused from 18-mm down to 5-mm diameter into the
SH waveguide. The MW waveguide is used to guide also
the reflected MW from a sample back to the outside optics.
Furthermore, the cover tube is equipped with a port for a
piezo step-motor (PiezoMotor Uppsala AB, Uppsala, Sweden),
which is used to rotate a shaft used in the CSH. The shaft goes
down along the corrugated waveguide to the FLF.

III. SAMPLE HOLDER FEATURES

Reproducible, fast, and user-friendly exchange of SHs is
very desirable for any measurement system, not only for
HF-ESR spectroscopy. It speeds up the setting of a typical
experiment and prevents user errors, that is, bad wiring or
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misalignment, which may affect the reproducibility of the
experiment and waste expensive measurement time. For this
reason, we developed a set of SHs compatible with the FLF
(see Fig. 3). All parts of the SHs need to withstand an
operating temperature between 4 and 400 K with negligible
volume change to keep the MW alignment and thus ensure
good MW coupling with the samples. Additionally, they have
to be non-magnetic and preferably non-metallic in order to
provide sufficiently large field modulation (By,,q) on a sample
and to prevent the generation of eddy currents. For these
reasons, we found poly-ether ether ketone (PEEK) to be an
optimal material, and most parts of the SH are fabricated with
it. PEEK withstands the large thermal cycling required in ESR
experiments and is easily machinable, with a good mechanical
stability [49].

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 in a solenoid shape, and
provide an optimal MW alignment during the screwing of the
functional part into the body. The side-load SHs use Helmholtz
modulation coils and possess an extra level of complexity that
allows insertion via a side-load port on the airlock in the case
of air-sensitive samples, or allow inserting multiple samples
which can be loaded at once into the VTI. Both categories
are designed to have a maximal outer diameter of 42 mm
and can be split into three parts (see Fig. 3): 1) the FLF that
redistributes all the necessary contacts and is attached to the
end of the corrugated waveguide; 2) a body docked by four
aluminum pins to the FLF with electrical connectors and that
contains a modulation coil and a smooth MW waveguide; and
3) a functional part that contains the sample and is inserted
into the body. All parts are described in the following text in
greater detail.

A. Fast Loading Flange (FLF)

The design of the FLF consists of two main parts: a rotary
and a base part (see Fig. 3). 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, Burgess Hill, U.K.) divided into three
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 eight-
connector blocks. For good electric insulation and stability,
the connector blocks are made from PEEK. The central eight-
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 eight-connector
blocks contain connectors for RSH, CSH, and ChSH.
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Fig. 3. Schematic picture of the sample holders’ concept. The SHs can be divided into three parts: the FLF attached to the end of the corrugated MW

waveguide, the body of SHs, and the functional parts, where the samples are located. All functional parts with their respective bodies are compatible with the
FLF. The FLF consists of a set of three eight-connector blocks linked by wires to the probe head connectors, a rotary part with grooves for locking pins at
bodies, and a shaft used in combination with a step-motor to exchange the sample in the CSH. During loading of bodies into the FLF, all electrical contacts
and MW 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 the location of the SHs are also shown and are described in great detail in Figs. 4-9. Additional parameters of the modulation coils are listed,
including the number of turns, the current for creating 1 Gauss at 1-kHz modulation, the MW attenuation at 430 GHz, and the average of MW attenuation

of the assembled SHs measured in the frequency range (260-500) GHz or (325-500)* GHz.

The rotary part of the flange is made from brass, whereas the
base part is made from PEEK to provide 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 300 to 4 K to 6 h, which is a one-third less time when
compared to the situation where the base part is made from
brass.

B. Body of Sample Holders

The body of SHs is made of PEEK with four aluminum
pins to fit into FLF grooves and several holes to allow
effective helium cooling. The body contains a modulation
coil, a smooth-walled MW waveguide, and a connector part.
As mentioned, we divide the SHs for bottom- and side-loading

type, with solenoid or Helmholtz modulation coils, respec-
tively. The parameters of the modulation coils were simulated
via the COMSOL Multiphysics software (see supplementary
information). Furthermore, the precise field modulation ampli-
tude was measured experimentally by overmodulating the ESR
spectrum on a reference sample of lithium phthalocyanine
(LiPc). The current values obtained to create 1 Gauss modu-
lation at 1-kHz frequency are listed at the bottom of Fig. 3,
including the type of coil and number of turns. The coils were
wided from Cu 32 AWG wire (LakeShore Cryotronics Inc.,
USA). Additional information on modulation can be found in
the supplementary information.

A smooth-walled MW waveguide of aluminum has an inner
diameter of 5 mm, with a wall thickness of 0.5 mm. It is
pressed into the PEEK connector part of the body and aligned
at the FLF by a rim with a diameter of 12 mm to ensure
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proper MW coupling. The length of the waveguide varies
from body to body and in the case of Rotator SH, it has
a cutout for entering a sapphire rod with a sample at the
bottom end.

All SH bodies contain all necessary wire connections;
therefore, there is no need for further interaction from the
user besides the placement of a sample on a functional part.
In the case of simple, liquid, carousel, and vacuum SHs, SH
body also contains a T-sensor; only in the case of rotator and
chip SH, the el. connections are further transferred from the
bodies to functional parts.

C. Functional Parts of Sample Holders

All functional parts are designed to enable visual and
manipulation access to the sample, helping with its alignment
and visual check outside of the SH body (e.g., by an optical
microscope). If not indicated, MW mirrors reflecting the
incident MW back to the corrugated waveguide are made
of 10 nm of gold (to prevent oxidation) deposited on 1-um
deposited layer of aluminum on a 500-um-thick silicon wafer.

IV. DESCRIPTION OF SAMPLE HOLDERS

The six functional parts for different sample types are
described individually with HF-ESR measurements.

A. Simple Sample Holder (SSH)

SSH has the simplest functional part (see Fig. 4). It is used
for powder samples pressed into pellets of a diameter of 5 mm
and a thickness of (1-3) mm, or other solid materials (wafers
or crystals) placed directly onto the mirror with the maximum
dimension of a cube with a 3.2-mm edge in order to fit into
a 5-mm diameter. The SSH functional part is manufactured
from PEEK and is equipped with a 5-mm-diameter smooth-
wall cylindrical 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 MW (double pass) 1.4 dB (2.6 dB) at
430 GHz (average attenuation between 260 and 500 GHz) (see
Fig. 3 and supplementary information). Moreover, the holder’s
advantage is a large modulation coil, which gives the best
current to field conversion: 1.4 mA/G, a useful feature when
recording broad ESR lines where large modulation amplitude
B, is preferable. At the bottom of Fig. 4, we show an RS
ESR measurement on LiPc. By sweeping very fast through
the resonance, the oscillations (“wiggles”) start to appear in
the measured spectrum. These wiggles contain information
about T, relaxation time and can be simulated by Bloch
equations [29], [30].

B. Liquid Sample Holder (LSH)

LSH 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 window with a
nut placed on top. A nut (PEEK) seals the sample cell upon
screwing it into a thread on the top of the functional part

8002812
max 03.2 mm
@5 mm
3 mm
T T T T T v
| Experiment
| - — - Simulation | |
N= W =N - a N
|

=
=
.20
=4
[a®
m

1By=9.37T .

1T=292K ]

sweep rate 2.96 THz/s
262.8 2629 263 263.1 2632 2633 2634
Frequency (GHz)

Fig. 4. (Top) Photograph and drawings of the SSH functional part. A sample
in the form of a crystal or a pressed powder pellet is fixed onto the mirror
by an ESR silent vacuum grease inside a 5-mm-diameter waveguide. The
maximum size of the crystal that can be loaded into the SSH is a cube with
a 3.2-mm edge. (Bottom) RS ESR spectrum obtained for an LiPC single-
crystal sample (1.00 mm x 0.15 mm x 0.15 mm) at 292 K and 420.41 GHz
with LiPc molecular structure in the inset. The sweep time was 0.02 ms.
A record of spectra was made by the fast acquisition card ADQ7DC (Teledyne
Technologies Inc., Thousand Oaks, USA), 10 GSamples/s and 10 x 100000
averages an overall time of 20 s.

(see Fig. 5). 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 surface of the mirror (located at
the bottom of the sample cell), where the magnetic field
component By of the MW has its maximum amplitude [41].
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 [50]. The
attenuation of the MW is 2.2 dB (4.7 dB) at 430 GHz (average
attenuation between 325 and 500 GHz) in an empty LSH.
Apart from the I-mm thick sapphire window in the MW
pathway, the LSH and SSH have a similar design and therefore
similar attenuation figures. The data presented in Fig. 5 display
the high-frequency measurements of 1 mM “N-TEMPOL
dissolved in acetone. We discovered experimentally that a
4-mm deep groove with 40 uL of solution provides a good
ESR signal. FDMR measurements of liquids at frequencies
above 300 GHz are unique worldwide. In future, we want to
expand this measurement by acquiring 7, relaxation time via
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Fig. 5. (Top) Photograph and drawings of the liquid SH’s functional
part. The liquid sample is hermetically sealed in a cell with the o-ring and
a l-mm-thick sapphire window. The functional part can be manufactured
with a different groove deepness according to the solvent needed for the
measurements. (Bottom) FDMR measurement of 1 mM of “N-TEMPOL
in acetone at 330 and 94.7 GHz at 300 K. The sweep time was 500 ms,
with a field modulation of 6 G at 41 kHz. The final spectra is the average
of 64 measurements acquired by MFLI 500-kHz lock-in amplifier (Zurich
Instruments Ltd., Zurich, Switzerland).

RS [see Fig. 4 (bottom)], which would boost Dynamic Nuclear
Polarization development [14], [51]-[53].

C. Rotator Sample Holder (RSH)

RSH is designed to rotate samples such as single crys-
tals or thin films in the magnetic field during the HF-ESR
measurements. The information extracted from those measure-
ments can provide detailed information about the anisotropy
of magnetic interactions in paramagnetic materials or solid-
state  phenomena as cyclotron resonances in conducting
materials [54]-[58].

The functional part consists of several cylindrical parts with
holes providing a steady flow of helium around the sample for
faster cooling downtime. The top rotary base with the leading
pin has one degree of freedom and can rotate by 360°. 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
transference of the rotary motion of the screw to a linear
motion. The unique position of the three leading pins ensures
only one possible loading position (see Fig. 6). The RSH’s
functional part provides 11 contacts, five of which are used for
the piezo-rotator (2) and built-in encoder (3), while the remain-
ing contacts are for the T-sensor and an eventual heater or field
sensor. A crystal sample is located on the sapphire rod (Crytur
a.s., Turnov, Czech Republic), which is connected directly to a
piezo-rotator (ANRvV51/RES/LT, Attocube systems AG, Haar,
Germany). It can work at temperatures below 4 K, in UHV
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size of a cube with a 2.5-mm edge. The necessary electrical connection for
the piezo and T-sensor is connected automatically during the screwing of the
functional part into the SH’s body. The leading pins with unique orientation
prevent the unwanted exchange of contacts. (Middle) The rotation map of
copper acetate from 0° to 280° at a magnetic field of 7.5 T. The detail on
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 min.
(Bottom) A detailed map at the crossing of the ESR lines with an angular
step of 0.1°.

and high magnetic fields. Moreover, it has a built-in encoder
allowing measurements with a very fine resolution of 0.006°
[see Fig. 6 (bottom)]. The direct connection of the sapphire
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rods minimizes errors caused by the rotation. The mirror is
placed 2 mm under the axis of the sapphire rod. A magnetic
field sensor can be placed under the mirror. So far, we have
designed and manufactured two sapphire rods. One with a
semicylindrical shape that offers the possibility of rotation and
measurements of thin films or wafers. The second rod has a
cylindrical shape that enables measurements of samples with a
maximal cubic size with an edge of up to 2.5 mm. To increase
MW propagation, the waveguide is prolonged down to the
mirror with a cutout only for the sapphire rods (see Fig. 3).
However, due to its complex structure, it has the largest return
losses out of all SHs, at 430 GHz (average attenuation between
260 and 500 GHz), the return losses are 8 dB (9.1 dB) with
the semicylindrical sapphire rod.

The middle and bottom of Fig. 6 displays FDMR rotation
maps for a single crystal of copper acetate monohydrate
[Cu(CH3COO); - H,0]. The four ESR signals observed at a
single field/frequency correspond to the MW 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 when compared to a
field-domain measurement, and still the spectrum at a single
orientation can be extracted from the map.

D. Chip Sample Holder (ChSH)

ChSH allows characterization of electrical/electronic
devices under MW irradiation or to perform magneto-
transport measurements [3]. The functional part contains
20 connectors, 16 of which 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 [3]. 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 guarantees
tension for a reliable connection. Any device prepared and
wire-bonded to the chip expander can be easily loaded with
minimal user interaction (see Fig. 7). A sapphire heat sink
is placed under the chip expander in order to dissipate the
heat effectively to the sample. The heat sink has to be non-
conductive to prevent shortcuts between contacts and eddy
currents produced by the modulated magnetic field. Therefore,
a sapphire plate was chosen for its non-conductance and good
thermal conductivity at low temperatures [59]. 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 a stability in the order of 10 mK. Furthermore, the
effective helium cooling is provided by holes in the functional
part. Similar to the 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 the transference of the
rotary motion of the screw to a linear motion. After screwing
the functional part, there is a gap between the sample and

8002812

Chip with sample or device

T T T T
®  Without radiation

350 A

® with f = 98 GHz radiation| o."
300 7, \‘ 1
=250 A 7
<
K ON
=200 A\ y
g
S 150
100 -
50
0 . T T T
0 0.2 0.4 0.6 0.8 1

Voltage (V)

Fig. 7. (Top) 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 onto the chip that is inserted into the male connectors of the
functional part. The interspace between the contacts is slightly bigger than
the interspace between the holes in the chip, ensuring good electrical contact
at any temperature. (Bottom) Measurements of a graphene bolometer’s 7/V
curves with (ON) and without (OFF) MW irradiation at 15 K. The design of
the bolometer is in the inset of the plot.

the waveguide to avoid the sample being touched by wire
bonds, resulting a backward reflected ESR measurements
with a 5.9 dB (5.8 dB) loss at 430 GHz (average attenuation
between 260 and 500 GHz).

Fig. 7 shows an example of the I/V characteristics of a
graphene bolometer [60]. We tested the bolometer response to
microwave radiation at 98 GHz (red line). The 7/V response
with (ON) and without (OFF) MW irradiation was measured
with a zero external magnetic field applied. The shift in curves
is caused by MW irradiation and changes in the bolometer
resistance. This represents the characteristic behavior of the
bolometer [60].

E. Carousel Sample Holder (CSH)

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. 8). The process of changing the
sample directly inside the magnet significantly reduces the
spectrometer usage time. The time-saving feature is especially
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Fig. 8. (Top) Picture and drawings of the six-cell rotary platform of the CSH.
Samples are glued on the rotary platform’s mirror by an ESR-silent vacuum
grease. The mirror is divided into conducting and non-conducting segments,
reducing the eddy currents created by the modulation coil. (Bottom) CW-
ESR measurements using the different cells at room temperature loaded at
once (five BDPA samples with different concentrations and one reference
LiPc sample, which serves for spectrometer optimization). The magnetic field
sweep was 0.5 mT/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. Change among different samples takes a few
seconds with the SH placed inside the magnet VTIL

significant for low-temperature experiments. In the presented
spectrometer, a typical time to cool down the SSH from
300 K to a stable 4 K is about 6 h. To exchange samples,
the cryostat has to be warmed up before the ESR probe
can be unloaded. This process takes an additional 1 h. With
the carousel implementation, the user can switch between six
samples directly in the cryostat without unloading the probe,
thus saving up to 30 h overall. Moreover, one of the six
cells can be filled with a well-known reference sample for
the system optimization/calibration. Additionally, CSH is the
best possible solution for future quantitative high-field ESR
applications, because the samples are switched directly inside
the SH without changing the MW coupling. Each sample cell
is 5 mm in diameter and 4-mm in depth. For better MW
propagation, the cells’ walls are made from an aluminum
smooth-wall waveguide, as in the corresponding body.

The reflection in the CSH is achieved by a large home-made
mirror shared by all cells cut from a silicon wafer coated
by aluminum and gold in the same manner as previously
mentioned. One large shared mirror minimizes the differences
in the MW coupling between cells due to reflecting differences
(see supplementary information). The precise position of the
sample cells with respect to the body’s waveguide is achieved
by a piezo step motor (PiezoMotor Uppsala AB, Uppsala,
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Sweden) located outside of the cryostat (see Fig. 2). It is
connected through a shaft to a gear mechanism in the body
(see Fig. 3) and with the rotating platform (functional part).
With a 0.01° motor step and a gear mechanism (gears ratio
1/5) made from brass, we have the theoretical step precision
of 0.002°. However, due to the large temperature operation
range (4-400 K), all movable parts must have enough space,
or a Teflon bearing, to avoid friction and freezing at low
temperatures. With the temperature decrease, Teflon shrinks
more than PEEK or metals, providing clearance for rotation,
but at the cost of the rotation accuracy [61]. 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., Brno, Czech Republic)
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 (see Fig. 3). The encoder ring resistance is 22 kQ at
room temperature, and 24 kQ at 4 K. The feedback control of
the SH is performed automatically via a script included in the
home-built LabVIEW software of the FRaSCAN spectrometer.
It measures the resistance at the actual position and resistance
of the whole ring by the application of a constant current
value. The ratio between these two values does not change
with the temperature. With this system, we can change the
sample cell within our temperature working range with the
precision of 0.05° and ensure good MW coupling. The MW
attenuation in the CSH is 2.2 dB (2.1 dB) at 430 GHz (average
attenuation between 260 and 500 GHz). The worse results of
the MW attenuation compared with the SSH is due to a small
gap (*0.2) between the waveguide in the connector part and
the platform, and waveguide mismatches.

Preliminary results of our quantitative ESR measurements
are shown in Fig. 8. The CSH was loaded by five differently
concentrated a,y -bisdiphenylene-f-phenylallyl (BDPA) sam-
ples and one LiPc reference sample. The intensity of the BDPA
signal from each sample follows its concentration (see the inset
in Fig. 8).

F. Vacuum Sample Holder (VSH)

VSH in combination with a mobile UHV suitcase (see
supplementary information) allows the study of air-sensitive
structures prepared in a UHV chamber. It is based on an
Omicron plate (Scienta Omicron GmbH, Taunusstein Ger-
many) for transporting air-sensitive samples which are often
manufactured and studied in UHV systems (see Fig. 9).
A sample in the form of a deposited layer on a single
crystal of copper, gold, iridium, and so on (Structure Probe
Inc., West Chester, USA) or on a wafer it is fixed to the
Omicron plate and side loaded into the VSH. A crystal or
a wafer serves as the mirror for ESR measurements. The
MW attenuation of the holder is 6 dB (7.2 dB) at 430 GHz
(average attenuation between 325 and 500 GHz). However,
the size of the crystal and the metallic plate decreases the
efficiency of the modulation coil (see Fig. 3). Thanks to
the VSH, HF-ESR measurements are possible in addition
to the X-ray photoelectron spectroscopy (XPS), scanning
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Fig. 9.  (Top) 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
top of it. (Middle) XPS spectra of a crystalline copper sample before and
after the transport between the HF-ESR spectrometer and the XPS chamber.
Carbon atoms were the only detectable impurities on the surface. (Bottom)
The CW-ESR measurements of the Fe—Pt pressed-powder pellet placed on the
functional part.

tunneling microscopy (STM), low-energy electron diffraction
(LEED), and other techniques often used in nano-fabrication
clusters [62]-[64].

The proof-of-concept ESR measurements were done with a
pressed-pellet of iron(IT) phthalocyanine (FePc) placed on the
Omicron plate [see Fig. 9 (bottom)]. To check the contamina-
tion during the transfer, the test transfer was done with a clean
copper crystal. After the sample was transferred back into the
UHYV cluster, XPS spectra were acquired and compared with
the XPS spectra before transportation [see Fig. 9 (middle)],
resulting in minor carbon contamination.

V. SAMPLES
A. 4-Hydroxy-2,2,6,6-Tetramethylpiperidine 1-Oxyl
(TEMPOL)

The TEMPOL was bought from Sigma Aldrich and dis-
solved in acetone with a concentration of 1 mM. The spectra
shown in Fig. 5 were recorded without sample degassing.
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B. Copper Acetate Monohydrate

Single crystals of the dimeric copper acetate monohydrate
([Cu(CH3COO0), - H,O]) were obtained as follows: copper(Il)
acetate (10 g, 50 mmol) was dissolved in 50 mL of 70 °C
water and stirred until a supersaturated solution was obtained.
A drop of concentrated acetic acid was added during stirring
to prevent reduction to Cu(I), which was observed otherwise.
The solution was filtered with a 0.2 xm micropore filter and
kept under a constant temperature of 40 °C in an oil bath in
order to decrease volume and initiate crystallization. Crystals
of about 2 mm? were grown after two days and selected for the
ESR measurement tests in this work. The selected crystal was
randomly oriented in the RSH, which is prepared by Lubomir
Havlicek (CEITEC, BUT, Brno, Czech Republic).

C. Graphene-Based Bolometer

A bolometer fabricated from epitaxial graphene on silicon
carbide. These bolometers utilized a graphene quantum dot
to produce a temperature-dependent resistance [60]. Due to
quantum confinement effects, thermal activation is required
for conduction across the dot, producing a highly responsive
broadband detector at low temperatures. This nanostructured
graphene device was used to measure radiation intensity at
frequencies between 10 GHz and 1 THz.

D. Lithium Phthalocyanine (LiPc)

Lithium phthalocyanine in microcrystalline form was pre-
pared electrochemically following a procedure described in
the literature [65], [66]. A sample in the form of a crystal
was obtained from Mark Tseylin (West Virginia University,
Morgantown, WV, USA). The sharp single crystal was chosen
and glued onto mirror using vacuum grease.

E. a, y -Bisdiphenylene-f-Phenylallyl (BDPA)

The BDPA was bought from Sigma Aldrich and dissolved
in toluene together with polystyrene (bought from Sigma
Aldrich) to the desired concentration [see Fig. 8 (bottom)].
After dissolving, the final mixture was dropped onto the
mirror, where the toluene evaporated overnight, creating a film
of polystyrene with BDPA inside its matrix.

F. Iron Phthalocyanine (FePc)

The FePc in the crystal form was bought from Sigma
Aldrich. Fifteen milligrams of the sample with 5 mg of icosane
was ground into powder and pressed into a pellet.

VI. CONCLUSION

This article introduces a family of sample holders based
on a fast loading flange for sub-THz ESR spectroscopy. The
presented concept of sample holders significantly improves our
measurement time and user-friendliness during the prepara-
tion of the measurements. Moreover, we present the system
of sample holders that can expand the capabilities of any
resonance-free ESR spectrometer. The materials for sam-
ple holders were chosen carefully, considering thermal and
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mechanical stability at room temperature as well at liquid
helium temperatures. The article goes from a basic description
of each SH and a demonstration of its functionality through
illustrative measurements. The result of this work significantly
broadens the measurement capabilities and applicability of our
FRaSCAN-ESR spectrometer, enabling an extended range of
materials to be studied either in the field domain or in the
frequency domain, and providing a reliable and comprehensive
investigation of materials. Furthermore, the fast-loading flange
can be used for a variety of different sample holders in the
future.
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