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Abstract

A magnetic resonance spectrometer operating at several fixed frequencies in the mil-
limeter range is designed on the basis of a new generation of microwave bridges and
a cryogen-free magneto-optical cryogenic system. The spectrometer allows meas-
urements of EPR in continuous wave and pulse (free-induction decay, FID and elec-
tron spin echo, ESE) modes, photo-EPR, and optically detected magnetic resonance
(ODMR) in a wide range of temperatures (1.5-300 K) and magnetic fields (upto 7 T
with the ability to invert the field). It is based on a line of unified microwave bridges
with a powerful oscillator and a superheterodyne receiver. Currently, they operate in
W and D bands (at 94 and 130 GHz, respectively), but the frequency bands can be
extended. In addition to highly stable fixed-frequency oscillators with narrow spec-
trum (better than — 100 dBc at 10 kHz offset at 94 GHz), they have variable fre-
quency oscillators, which simplify tuning of the microwave circuit with a resonator
and allow operation with frequency modulation when using a non-resonant micro-
wave system. In the latter, it is possible to study large samples and quickly change
the operating frequency of the spectrometer, simply replacing the microwave bridge.
For all frequencies, the spectrometer uses common hardware and original software.
The performance of the spectrometer at 94 GHz and 130 GHz was tested in meas-
urements of CW-EPR, ESE and ODMR of NV defects in diamond single crystals,
Tb>* and Ce* ions in yttrium aluminum garnet crystals, nitrogen donors, and V3*
ions in 6H-SiC.
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1 Introduction

Electron paramagnetic resonance (EPR), discovered by Zavoisky in Kazan (1944)
[1], is currently a powerful analytical method available for physicists, chemists,
and biologists. Over 75 years, EPR and related methods played a decisive role in
the study of spin phenomena in condensed matter (semiconductors and dielec-
trics), biophysical objects, and living systems. EPR turned out to be one of the
most informative tools for non-destructive diagnostics of the structural properties
of atomic and molecular objects at the electronic level.

Currently, there is growing interest in using high frequencies and strong mag-
netic fields in EPR spectroscopy, significantly exceeding the usual values of
9.5 GHz and 35 GHz (magnetic fields of 0.34 T and 1.25 T for g=2, respec-
tively). The main advantages of high-frequency EPR are high absolute sensitivity
and high spectral resolution [2-20]. Lebedev was the first who realized a high-
frequency EPR spectrometer using solid-state oscillators and single-mode resona-
tors [3, 4]. The high frequency makes it possible to detect paramagnetic centers
with a large zero-field splitting and to study a wide range of correlation times of
molecular motions. A number of additional benefits are provided by pulsed EPR
methods at high frequencies, such as free-induction decay (FID) and electron spin
echo (ESE). These methods make it possible to study spin relaxation processes to
measure the relaxation times 7} and 7, in real time, and to separate the overlap-
ping spectra of paramagnetic centers with different relaxation times. In combi-
nation with pulsed optical methods, it they allow to study transient processes,
photo-excited particles, and excitons. Double resonances—electron-nuclear dou-
ble resonance (ENDOR) and optically detected magnetic resonance (ODMR)—
occupy a special place. ODMR, in which the detection of low-energy radio fre-
quency or microwave quanta is replaced by the registration of high-energy optical
quanta, and magnetic resonance manifests itself in a change in absorption or
emission of light, provides a huge increase in sensitivity, as well as spatial and
spectral selectivity. ODMR in some cases allows obtaining absolute sensitivity up
to registration of a single spin [21-26].

The advantages of high-frequency EPR/ODMR spectroscopy are high sensitivity
of EPR; achievement of sensitivity of 1000—100 spins in ODMR; high spectral reso-
lution of EPR and ENDOR spectra; the ability to study systems with large zero-field
splitting; high resolution for the study of the anisotropic properties of condensed
matter and biological systems; the achievement of high Boltzmann factors, the use
for the implementation of dynamic polarization of nuclei; suppression of the effects
of higher order interactions; high spectral resolution in cyclotron resonance, etc.

EPR/ODMR applications include: non-destructive diagnostics of condensed mat-
ter; study of the spin properties of carriers in semiconductor systems; research and
control of materials promising for use in photovoltaics; spin manipulations in spin-
tronics and quantum information technologies, in devices based on nanostructures
and single quantum objects; geological analysis; study of photosynthesis, biological
processes, metalloproteins, free radicals; the development of new types of drugs; use
in dosimetry; investigation of short-lived excited states, excitons, etc.
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An increase in the operating frequency @ (w=2nv) leads to a significant rise in
sensitivity, i.e., a decrease in the minimum detectable concentration of spins N;,.
Indeed, (Nmin/Vs)0<a)‘3/2 provided that the sample volume Vj is proportional to the
spectrometer cavity volume V., while the minimum number of spins is N, & @~
at a constant volume. As a rule, for small samples, the size of which cannot be
increased, the filling factor is proportional to Vg/V (Ve %@ ™).

The spectral resolution is determined by the ability to resolve small changes in
the g factor Ag, which can be written in the form AB=— AgB/g, where AB is the
shift of the EPR line in a magnetic field with a variation of the electronic g fac-
tor Ag. This shift is proportional to the magnetic field B, which is proportional to
the operating frequency in accordance with the formula B =/7w/gug, where py is the
Bohr magneton. Thus, an increase in the operating frequency of the spectrometer
from the traditional X-band frequency of 9.4-94 GHz results in the increase in the
resolution by a factor of 10. Subsequent increase in the frequency to 130 GHz leads
to a further increase in the resolution by a factor of 1.4. At the same time, the sensi-
tivity (for small samples) increases by a factor of (10)”? ~ 30,000, and (1.4)*?=4.5,
respectively.

An increase in the operating frequency of the EPR spectrometer also leads to
the achievement of higher Boltzmann factors, which play a decisive role in many
physical spin-dependent processes, including the dynamic polarization of nuclei.
The high frequency makes it possible to study the EPR of spin systems with large
zero-field splitting, such as, for example, non-Kramers ions, which cannot be studied
using standard spectrometers operating in the X or Q bands.

In high-frequency electron-nuclear double resonance, the advantage of strong
magnetic fields is manifested in the higher resolution of the Larmor frequencies of
different nuclei. A shorter cavity delay time (7), inversely proportional to the fre-
quency (To > ! [2]) significantly increases the sensitivity in pulsed modes of high-
frequency EPR methods.

When choosing frequency ranges for high-frequency EPR spectrometers, it is
necessary to take into account that with an increase in the operating frequency above
150 GHz, the design of the device is significantly complicated and the cost increases
sharply. At these high frequencies, it is necessary to use superconducting magnets
with field strength above 10 T. These magnets are made in the form of a solenoid,
in contrast to magnets for fields below 10 T, which can be made in the form of a
split coil (such as Helmholtz rings) system. The latter are most convenient for EPR
and ODMR measurements. A 275 GHz EPR spectrometer was described in [6, 7].
It uses a quasi-optical microwave unit, which is incompatible with the traditional
waveguide bridges, operating at lower frequencies.

The modern development of cryogenic technology has led to the creation of
closed-cycle cryomagnetic systems that do not require liquid helium and liquid
nitrogen for their work and are not dependent on appropriate infrastructure. Such
cryogenic systems are promising for use in magnetic resonance spectrometers (see,
for example [27]).

In our previous publications [28-33], the development of high-frequency EPR/
ODMR spectrometers that operate in the mm range in continuous wave (CW)
and pulse modes was described. In this work, we present the EPR/ESE/ODMR
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spectrometer with a line of interchangeable microwave bridges designed on a sin-
gle technological platform, using standard waveguide technology and covering the
frequency range up to the boundary area of application of quasi-optical technology.
The spectrometer uses an autonomous closed-circle cryomagnetic system that does
not require infrastructure for liquid helium and provides direct optical access to the
sample. The operation of the spectrometer in various modes is demonstrated by
measuring EPR, ESE, and ODMR spectra in different systems: diamond single crys-
tal containing NV defects, yttrium—aluminum garnet (YAG) crystals dope with Tb**
and Ce* ions, and 6H-SiC crystals with nitrogen donors and V>* ions.

2 EPR/ESE/ODMR Spectrometer
2.1 Outline of the Spectrometer

The EPR/ESE/ODMR spectrometer is based on a series of microwave bridges and
a completely autonomous cryogen-free magneto-optical system. A general view of
the spectrometer is shown in Fig. 1. Its major parts, which will be described below,
are: a W band (94 GHz) or D band (130 GHz) microwave bridge (1) installed in the
upper part of the cryostat; a cryogen-free magneto-optical cryostat (2) with a super-
conducting magnet and a variable-temperature system; an optical system (3) located
on an optical table and designed to excite a sample and detect luminescence; data
acquisition system, temperature controller and power supply of a superconductive
magnet (4); a computer (5) with an original program that monitors the operation of
all components of the spectrometer and is used to collect data.

Fig. 1 General view of the EPR/ESE/ODMR spectrometer operating at 94 and 130 GHz. (1) Microwave
bridge 94 GHz (or 130 GHz), (2) magneto-optical cryogenic system, (3) optical excitation and detec-
tion system on an optical table, (4) data acquisition system, temperature controller, and power supply of
superconducting magnet, and (5) computer
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2.2 Microwave Bridges

The basis of any EPR spectrometer is a microwave bridge, which includes an
oscillator and a microwave receiver. A series of unified microwave bridges that
can operate at a fixed frequency in the Q, V, W, and D microwave bands was
developed as a result of collaboration of the DOK Company and the Ioffe Insti-
tute. The microwave bridges are assembled using semiconductor elements that
are weakly sensitive to the magnetic field; therefore, the strong field of the super-
conducting magnet does not significantly affect their operation. This allows you
to position the microwave bridge directly on the cryostat and minimize the length
of the waveguide path, which reduces power losses. The bridges are compact and
can be easily replaced depending on the experimental conditions.

Our EPR/ESE/ODMR spectrometer uses microwave bridges of W and D
bands. They operate at 94 and 130 GHz, respectively. A simplified diagram of a
microwave bridge is presented in Fig. 2a. Photographs of the microwave bridges
94 GHz and 130 GHz are shown in Fig. 2b and Fig. 2c, respectively.

The microwave bridge contains a highly stable solid-state oscillator with
a fixed frequency of about 7.2 GHz, the output signal of which is supplied to
the frequency multipliers by N in the transmitter channel and by (N—1) in the
receiver channel. A frequency conversion with a multiplication factor of N=13
is used to obtain the frequency of 94 GHz and N=18 to obtain the frequency of
130 GHz. The high-frequency signal is amplified and passed via an attenuator,
modulator, and circulator to the microwave insert and to the sample. The out-
put frequency of the microwave oscillator has a very-low-phase noise and narrow
spectrum.
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Fig.2 a A simplified scheme of the microwave bridge. The bridges 94 and 130 GHz differ by a mul-
tiplication factor N of the master oscillator frequency of about 7.2 GHz. The bridge includes a fixed-
frequency oscillator, a variable frequency, voltage-controlled oscillator, a superheterodyne receiver, an
1Q detector, modulators, a programmable, multichannel pulse generator, and a frequency-mark former. b,
¢ Photographs of the W band (94 GHz) and D band (130 GHz) microwave bridges, respectively
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A sensitive superheterodyne receiver and a quadrature (IQ) detector are used in
the microwave bridges. The signal reflected from the sample is fed to the circulator
and the mixer of a receiver, after which the intermediate-frequency signal is ampli-
fied and fed into IQ detector.

The modulators are necessary for the spectrometer operation in pulsed regimes, in
particular, with ESE signal detection. The operation of modulators is controlled by a
programmable, multichannel pulse generator that produces a desirable sequence of
pulses and prohibits the receiver switching on when the transmitter is operating. The
pulse duration can be varied from 10 ns to 0.1 s in increments of 3.2 ns.

In addition to the highly stable fixed-frequency oscillator the microwave bridge
contains a tunable oscillator with a voltage-controlled frequency. Its tuning range
is+0.25 GHz. A method of the cavity tuning is new for the mm-wave bridges. In the
regime of tuning, the oscillator switch is in position A that ensures observation of a
resonance curve of the working cavity and the signal (“mark”) of beats between the
two oscillators, which is formed on the high-frequency mixer at the moment of coin-
cidence with the main oscillator frequency. The cavity can be tuned to the “mark”—
that is, to the main oscillator frequency. After this, the switch is set to position B
(measurement regime), where only the highly stable oscillator operating at a fixed
frequency is employed. A variable frequency oscillator can also be used to register
CW-EPR with frequency modulation instead of field modulation.

Measurements with a highly stable fixed-frequency oscillator that has a narrow
spectrum (below — 100 dBc at a 10 kHz offset at 94 GHz) and extremely high-fre-
quency stability (better than 107%) allow recording of EPR lines with a width of up
to microtesla. Since the operating frequency of the spectrometer is fixed, its meas-
urement at each recording and correcting the EPR spectra to the same frequency are
not required.

2.3 Cryogen-Free Magneto-Optical System

We use the magneto-optical Cryofree® superconducting magnet system Spectro-
magPT from Oxford Instruments. It has a split-coil superconducting magnet creat-
ing a horizontal magnetic field up to 7 T that is sufficient to study EPR, ESE, and
ODMR in W and D bands. The magnetic field can be scanned over the entire range,
without worrying about the increased consumption of liquid helium, as is the case
with conventional cryostats. It is possible to record spectra with field inversion and
a smooth transition through the zero field. This is important for studying EPR of
many impurity ions in solids, for example, rare-earth ions in garnets. The field can
be quenched at any value.

The cryomagnetic system provides a wide range of sample temperatures from
1.5 to 300 K and high-temperature stability. Optical access through four windows
allows you to work in Faraday (longitudinal magnetic field) and Voigt (transverse
magnetic field) geometry and register photo-EPR and ODMR via the intensity and
polarization of luminescence, Faraday rotation, magnetic circular dichroism (MCD)
in absorption, to study level anticrossings, etc.
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2.4 Microwave Insert

A low-temperature microwave insert can be made in two versions: (1) a non-reso-
nant system in which a sample is placed on the closed end of a cylindrical wave-
guide, and (2) a microwave system with a single-mode resonator. At this stage, we
use mainly a non-resonant system. Figure 3 shows a general scheme of the magneto-
optical cryostat (a) and the microwave system (b) that is inserted into the variable-
temperature volume of the cryostat. The microwave power from the microwave
bridge, which is installed directly above the cryostat, is supplied to the sample. The
sample inside the waveguide is placed in the center of the split-coil superconducting
magnet.

The microwave insert is equipped with heat shields, thermo-stabilizer, and modu-
lation coils, which create an alternating magnetic field on the sample. Microwave
energy from the microwave bridge enters a rectangular waveguide, then through a
vacuum seal, and the transition from a rectangular to a circular waveguide is sup-
plied to the upper part of the circular waveguide. A circular waveguide with an
inner diameter of ca. 5 mm is used. Through a rotating joint with a goniometer, it is
directed to the stainless steel circular waveguide, at the end of which the sample is
placed. The circular waveguide, together with the wires leading to the temperature
sensor, temperature stabilizer heater, and modulation coils, passes into the cryostat.
For optical access to the sample in photo-EPR and ODMR experiments, horizontal
slits opposite to the sample were sawn in the cylindrical waveguide.

Using a non-resonant microwave insert provides a possibility to study large sam-
ples (up to some mm in size) and working with short pulses (down to 10 ns) for
measuring ESE of paramagnetic centers with short relaxation times 7, and 7). It
allows applying several frequencies to the sample for detecting ODMR, “hole” burn-
ing in ODMR, electron—electron double resonance (EEDR), and dynamic nuclear
polarization. The same microwave insert can be used both with the 94 GHz and
130 GHz bridges. It is possible to easily change the operating frequency of the spec-
trometer: 94 GHz or 130 GHz thanks to a unified circuit for connecting microwave
bridges to the microwave insert. In CW-EPR measurements, the sensitivity of the
spectrometer with the non-resonant microwave system shown in Fig. 3b, estimated
using standard samples, is of the order of 10'° spin/mT per a single record.

2.5 Optical System

The optical system of the spectrometer is designed to irradiate the sample with light
when recording EPR (photo-EPR) and for studying ODMR. Its configuration is flex-
ible and strongly depends on the system under study. Figure 1 shows the simplest
version of the optical system in which magnetic resonance is detected by variations
in the luminescence intensity excited by a laser. Such a scheme was used to detect
ODMR of NV defects in diamond.

By changing the configuration of the optical system of the spectrometer, it is
possible to study photo-EPR, ODMR, optically detected level anticrossings, etc.

@ Springer



1132 R. A. Babunts et al.

(a) L - :\:is(;r?twave (b)

Rectangular
/

waveguide
Vacuum
seal 0
Rectangular
to circular
waveguide
transition
Rotating nst
joint and
goniometer
AN
Vacuum mﬁfﬁﬂﬂﬂw‘
N Working electrical @
quueﬂ< ! volume connector\ C»j <)
Tl Circular
. . :-Ll / waveguide
Vacuum
L seals N
| = /
[ i ]
h Working
! chamber |
Cryostat |
N : Heat / Circular
! shields
[ \ waveguide
| 3
! Thermo- 3
[ stabilizer
|
TIF Modulatio
i coils
i
i hv hv

: Sample
_
Superconducting %;Zirgto nducting B,

magnet

Fig.3 a A scheme of the magneto-optical cryostat with a split-coil superconducting magnet and a micro-
wave system inserted into the variable-temperature volume. b The design of a non-resonant microwave
system equipped with heat shields, thermo-stabilizer, and modulation coils which create an alternating
magnetic field on the sample placed inside the circular waveguide

@ Springer



Capabilities of Compact High-Frequency EPR/ESE/ODMR... 1133

The system can work in the geometry of Faraday (longitudinal magnetic field)
and Voigt (transverse magnetic field). ODMR can be recorded via intensity or
circular polarization of luminescence, magnetic circular dichroism in absorption,
and Faraday rotation.

It is known that during the operation of cryogen-free cryomagnetic systems,
vibrations occur. They appear primarily in ODMR, but their impact can be
reduced by averaging. In our measurements of ODMR in diamond described in
Sect. 3.1, the effect of vibrations was not critical.

2.6 Spectrometer Electronics and Software

CW-EPR is recorded with modulation of the magnetic field at audio frequency.
Two lock-in amplifiers are used to detect signals from the outputs of the IQ detec-
tor. Modulation of the magnetic field is carried out using a low-frequency oscilla-
tor connected to modulation coils. The same oscillator is used as a source of con-
trol voltage for recording spectra with microwave frequency modulation. In pulse
spectrometer mode, a digital oscilloscope is used to detect FID and ESE signals.

All electronic equipment is connected to a computer. A special original pro-
gram controls the operation of the spectrometer and is used for data acquisition.
The program has a convenient interface as shown in Fig. 4a and can simultane-
ously display multiple spectra. It constantly monitors all the basic parameters of
the spectrometer and cryogenic system with recording LOG files. The program
automatically saves the spectra in simple and convenient ASCII format. Using
macros, you can carry out some routine operations, for example, recording orien-
tation and temperature dependencies.

In pulsed mode, operation of the microwave bridge is controlled by a program-
mable, multichannel pulse generator and signals are detected by a digital oscil-
loscope. The program interface for setting the pulse sequence is shown in Fig. 4b.
Figure 4c is a screenshot of an oscilloscope showing a three-pulse sequence and
signals of a stimulated electron spin echo. You can program up to eight chan-
nels, each of which can contain up to eight pulses. Therefore, we can control the
operation of the microwave oscillator, and the receiver and external equipment,
such as, for example, a laser. The duration of each pulse can be chosen from 10 ns
to 100 ms with a step of 3.2 ns. There are predefined schemes of the main pulse
sequences: 1 pulse—for free-induction decay, 2 pulses—for the Hahn echo, and 3
pulses—for the Mims echo. In the latter, it is possible to apply a radio frequency
pulse between the second and third microwave pulses. There are also patterns.
There are also templates for the Devis pulse sequence and for relaxation time
measurements.

There is protection against simultaneous switching on the receiver and the
microwave bridge. In addition, it is possible to adjust the phases of the signal
from the IQ receiver digitally after recording the spectrum. The program also
provides the ability to record ESE-detected ENDOR spectra using linear and sto-
chastic regimes. Remote control of the spectrometer is possible.
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Fig.4 a Interface of the program that controls the spectrometer in CW and pulse modes and is used
for data acquisition; b a window for setting up the pulse sequence; ¢ a screenshot from the oscilloscope
showing a three-pulse sequence and signals of the stimulated electron spin echo

2.7 Technical Specification of the Spectrometer

The main technical data of the spectrometer are summarized in the table.

Operating modes CW-EPR, Pulse EPR (FID, ESE), photo-EPR, ODMR,
ENDOR (under development)
Low-frequency modulation of the magnetic field or micro-
wave frequency

Microwave bands w D

Fixed frequency oscillator 94 GHz 130 GHz
Variable frequency oscillator 94+0.25 GHz 130+0.25 GHz
Maximum output power in pulsed mode 100 mW 50 mW
Maximum attenuation 40 dB40 dB 40 dB
Microwave pulse duration 10 ns—100 ms

Pulse duration increment 3.2 ns

Repetition rate 0.1-10 000 Hz
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Number channels of a pulse generator 8
Microwave insert A non-resonant system or a system with a resonator
Magneto-optical system A closed-circle magneto-optical cryostat with horizontal
magnetic field and four windows
Magnetic field —-7t0+7T
Magnetic field resolution 0.05 mT
Magnet energisation rate 0.1-0.001 T/min
Operating temperature range 1.5-300 K
Diameter of the variable-temperature 30 mm
volume

3 Performance of the Spectrometer

The spectrometer performance was verified by measurements spectra of EPR, ESE,
and ODMR at 94 GHz and 130 GHz in four different systems: diamond single crys-
tals with NV defects, yttrium aluminum garnet crystals doped with Tb** and Ce**
ions, 6H-SiC crystals with nitrogen donors, and 6H-SiC with V3+ ions.

3.1 ODMR of NV Defects in Diamond Crystals

In systems based on spin color centers in diamond and silicon carbide, which are
promising for applications in sensorics and for creating the elemental base of quan-
tum computing, ODMR is especially promising to detect small spin ensembles up to
one spin [34].

The performance of the spectrometer in ODMR experiments is illustrated
by measurements of the ODMR spectra of NV defects in diamond. ODMR was
recorded as microwave-induced variations of the PL intensity using modulation of
the magnetic field or microwave frequency at low frequency and a lock-in ampli-
fier. A non-resonant microwave system was used; optical access to the sample was
provided by horizontal slots located opposite the sample in a cylindrical waveguide.
Luminescence of NV defects was excited with a 532 nm laser, selected with glass
filters and detected by a PM tube.

Figure 5a shows 130 GHz ODMR spectra in a diamond single crystal containing
NV centers. The spectra were recorded with magnetic field modulation at a tem-
perature of 10 K and different orientations of the crystal in the magnetic field. The
modulation frequency was 680 Hz and the amplitude was~0.1 mT. The rotation of
the crystal was carried out around an axis close to the <110>, that is, to the edge of
the crystal; deviation from the <110> direction was several degrees.

In the general case, the EPR spectra of NV centers are described by a standard
spin Hamiltonian:

A

H=pugBXgXS+SXDXS+SXAXI+guyBXI+1IxXQXI, 1)
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Fig.5 a ODMR spectra at a frequency of 130 GHz recorded via the luminescence intensity of NV
centers in a diamond single crystal at a temperature of 10 K for different orientations of the sample in
magnetic field. The rotation axis was close to<110> (the deviation from <110>was several degrees).
Luminescence was excited by a 532 nm laser, the magnetic field modulation frequency was 680 Hz,
the modulation amplitude ~0.1 mT. Dashed lines show the calculated angular dependences. b 94 GHz
ODMR spectra of NV centers in diamond recorded with magnetic field modulation (1) and frequency
modulation (2) at a temperature of 20 K and the magnetic field orientation ca. 8° with respect to the ¢
axis. Modulation frequency was 680 Hz in both cases, the magnetic field modulation amplitude was 0.05
mT, and the frequency modulation amplitude was ~ 1.4 MHz (which corresponds to magnetic field mod-
ulation amplitude of 0.05 mT). Vertical lines mark the hyperfine structure lines that are due to the hyper-
fine interaction with the nucleus of the 1*C isotope located in one of the three nearest carbon positions

where the first term is the Zeeman electron spin interaction; the second term refers
to the fine-structure splitting and can be written as D[SZ2+S(S+ ] +E(SX2—Sy2);
the third term describes the hyperfine interaction (HFI); the fourth term represents
the Zeeman nuclear interaction, and the fifth term represents the quadrupole inter-
action. Since only the first and fourth terms of the spin Hamiltonian depend on the
magnetic field, EPR measurements at different frequencies allow us to separate these
interactions and correctly describe the corresponding paramagnetic centers. For NV
centers, S=1. Dashed lines in Fig. 5a present the angular dependences calculated
using (1) with the parameters from [35] for the ground state of the NV centers, tak-
ing into account the four magnetically nonequivalent orientations of NV centers
with the axes along <111> directions.
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Figure 5b shows 94 GHz ODMR spectra of NV centers recorded at a temperature
of 20 K with modulation of the magnetic field (1) and modulation of the micro-
wave frequency (2) at 680 Hz. The amplitudes of modulation were ~0.05 mT and
~1.4 MHz, respectively. Modulation of the operating frequency of 94 GHz with an
amplitude of 1.4 MHz corresponds to the magnetic field modulation amplitude of
0.05 mT (1 mT corresponds to 28 MHz for g=2.0). The ODMR signals belong to
NV centers, which axes are directed along <111> axes of the crystal. The weak sat-
ellite lines marked by arrows represent the components of the hyperfine structure
(HFS), which is due to the interaction of the unpaired electron with the nucleus of
the !C isotope located in one of the three nearest carbon positions.

3.2 CW-EPR of Th3* and Ce3* in Yttrium Aluminum Garnet

The EPR spectra in Fig. 6 are a demonstration of the capabilities of the spectrom-
eter for detecting paramagnetic centers with giant zero-field spitting, the so-called,
non-Kramers ions, which have an even number of electrons. Tb>* ions in YAG
have zero-field splitting close to 3 cm™', therefore, to study EPR of these ions, a
frequency close to 100 GHz is necessary [31]. Figure 6a shows the CW EPR spec-
tra of YAG:Ce,Tb crystals measured at 94 GHz with different registration modes:
low-frequency modulation of the magnetic field with an amplitude of ~0.1 mT, and
modulation of the operating frequency v with an amplitude of ~2.5 MHz. The mod-
ulation frequency was 680 Hz. EPR signals of Ce** and Tb** are observed in a very
large range of magnetic fields. Mo" is a trace impurity. The relationship between
the change in the energy of the microwave quantum caused by the modulation of the
operating frequency 6E =hov and the corresponding change in the position of the
resonance in the magnetic field 6B is shown as an inset. Since Tb nuclei have a spin
of 3/2, four hyperfine structure lines are observed in their EPR spectra.

Figure 6b shows the calculated energy-level scheme of Tb>*centers in YAG crys-
tal for B Il [100] and EPR transitions at 94 GHz and 130 GHz. The 94 GHz and
130 GHz CW-EPR spectra, shown in the lower part of the figure, allowed to reveal
four types of Tb** centers Tb>*(I), Tb**(IT), Tb>*(I11), Tb**(IV), which differ in the
zero-field splitting [36]. EPR spectra of Tb**(III) and TH>*(IV) centers, for which
A >94 GHz, cannot be observed at 94 GHz but they were detected at 130 GHz.

94 GHz EPR signals at B=0 belong to Tb>*(II)—centers for which A~ 94 GHz.
These signals recorded with modulation of the microwave frequency are much more
intense than those obtained with magnetic field modulation, since the slope of the
Tb>* energy levels near B=0 is weak, and frequency modulation leads to a larger
effective value of 0B.

3.3 CW-EPR of Nitrogen Donors N in 6H-SiC Crystal

Nitrogen donors in 6H-SiC can occupy different positions in the crystal lattice: hex-
agonal (h) and two quasicubic (k1, k2). The first EPR studies on N donors in SiC
were done in [36]. A review of electronic properties of N donors obtained by EPR
and ENDOR at 9.5 GHz was presented in [37]. Observation of high-frequency EPR
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YAG:Tb,Ce 94 GHz, 1.5K

CW, magnetic field modulation,
amplitude of ~0.1 mT

s

(a)

Mo* ce*

CW, frequency modulation,
amplitude of ~2.5 MHz

EPR signal (arb. units)

Magnetic field (T)

(b) [o" 5=3, L=3, 1312

0AR 94 GHz 130 GHz

Energy (cm™)
T
=
n
(=2}

(] 1 Tb"(ll) Bl [100]
Tb* (1) —— T ()
Tb™ (1) EPR
a3+ 130 GH:
L1y
) ) Tb™ (1) )
0 0.2 0.4 0.6

Magnetic field (T)

Fig.6 a 94 GHz EPR spectra in YAG crystal doped with rare-earth elements Tb** and Ce** (Mo is a
trace impurity) recorded with ~0.1 mT magnetic field modulation (1), and with frequency modulation
(2). The modulation frequency was 680 Hz, the modulation amplitudes were ~0.1 mT and~ 2.5 MHz,
respectively. The magnetic field was directed at about 25° relative to a [100] axes of the crystals. The
relationship between energy variations due to modulation of the operating frequency modulation,
SOE=hdv, and the corresponding change in the position of the resonance line 6B is shown in the inset b.
Calculated energy levels of Th>" centers in YAG crystal for B Il [100] with EPR transitions at 94 GHz
and 130 GHz. CW-EPR spectra recorded at 94 GHz and 130 GHz, respectively, are shown below. Posi-
tions of EPR lines that belong to Tb**(I), Tb>*(II), Tb**(III), and Tb**(IV) centers are marked. EPR
spectra of Tb>*(III) and Tb>*(IV) centers are not observed at 94 GHz, since for these centers, A exceeds
the energy of the microwave quantum

at 142 GHz [38] allowed to separate overlapping EPR lines due to the high spec-
tral resolution and attribute them to specific positions of nitrogen in the SiC lattice.
Electronic structure of N donors in SiC have been studied by EPR and ENDOR in X
and Q bands [39] and in W band [40, 41].

Figure 7 presents CW-EPR spectra of shallow nitrogen donors in 6H-SiC, meas-
ured at three frequencies: 9.5 GHz (X band), 94 GHz (W band), and 130 GHz (D
band) for B Il ¢ and B L c. The inset shows the crystal structure of 6H-SiC. Three
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Fig.7 CW-EPR spectra of shal- Magnetic field (mT)
low nitrogen donors in a 6H-SiC

: 325 326 327 328 329 330
crystal, measured at three fre- 6H-SiC T : : : :

V—Y—Yk2l

quencies: 9.5 GHz, 94 GHz, and
. T 1
130 GHz for two extreme ori- 6H-SiC 9.4 GHz mh k1
entations of magnetic field B ll ¢ h c-axis
and B L c. The inset shows the Blc

crystal structure of 6H-SiC and
three positions of the nitrogen
donors in the lattice: hexagonal
(h) and two quasicubic (k;, k).
EPR lines of N donors in these
positions are marked

EPR signal
-
3
i
o

94 GHz

11-20) pl
( ) plane Blc

hm ;E‘Tkz
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k2

1K1

3333 3335 3337 3339 3341
Magnetic field (mT)

130 GHz hm
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R E— k2
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Magnetic field (mT)

different positions of nitrogen in the crystal are marked—a hexagonal (/) and two
quasicubic (k1, k2). The 6H-SiC crystal consists of tetrahedra with four bonds per
atom. Two bonds lie in the plane of the figure (1120) and a staircase pattern is
formed parallel to the direction of the ¢ axis. For 6H-SiC, this leads to three non-
equivalent positions k1, k2, and h. N donors in these positions differ in g-factors and
HFI constants [38—42].

It can be seen from Fig. 7 that measurements at high frequencies make it possible
to separate different nitrogen positions due to the difference in g factors, as well as
to distinguish between different orientations of paramagnetic centers. The hyperfine
splitting due to interaction with the nitrogen nucleus (/=1) does not depend on fre-
quency, i.e., on the magnetic field, as it follows from the spin Hamiltonian (1).

3.4 EPR and ESE of V3* in 6H-SiC

Vanadium doping of SiC is one of the main methods for the production of semi-
insulating substrates required for high-power microwave devices. EPR spectra
of vanadium in SiC were first obtained in [43] where its charge state was identi-
fied. V3* ions have a 3d” electronic configuration, a spin S=1, and a nuclear spin
I=17/2 (100%). Figure 8a shows CW-EPR spectra in 6H-SiC:V crystal, measured
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Fig.8 a EPR spectra of V** ions in a 6H-SiC crystal, measured at a frequency of 94 GHz at a tempera-
ture of 1.5 K for two orientations of the magnetic field with respect to the hexagonal axis ¢: B Il ¢ and
B 1 c. Three different positions of vanadium in the crystal are marked. The insets shows the structure of
the sample (left) and the energy levels of V3* (right) for B Il ¢ and B L ¢ (without the hyperfine structure
splitting). The Boltzmann population distribution of the V** triplet levels is shown by circles. b ESE
spectra of V** ions recorded at a frequency of 94 GHz at a temperature of 2 K. The inset shows the ESE
spectrum of shallow nitrogen donors. The pulse sequence was 7/2=202 ns, =300 ns, and 7=404 ns

at a frequency of 94 GHz and a temperature of 1.5 K for two orientations of the
magnetic field with respect to the hexagonal axis c: B Il ¢ (§=0°) and B L ¢ (6=90°).
Three different positions of vanadium in the crystal are indicated—hexagonal (k)
and two quasicubic (k1, k2). The sample was a 200 pm layer of n-type 6H-SiC
doped with nitrogen grown by sublimation sandwich method on a semi-insulating
substrate of vanadium doped 6H-SiC (left inset in Fig. 8a). Right insets in Fig. 8a
show the energy levels of V" for the two orientations; circles conditionally show
the Boltzmann distribution of populations of the triplet levels at strong magnetic
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fields and low temperatures. This distribution results in different intensity of fine-
structure transitions and allows determining the sign of the fine-structure parameter
D. High-frequency EPR measurements make it possible to accurately determine the
spin Hamiltonian parameters, with higher order effects minimized [42]. It can be
seen from Fig. 8 that the sign of D is positive for all positions of vanadium ions V**
in SiC. In earlier works, only the absolute value of D was measured.

Thus, the gigantic spectral resolution of high-frequency EPR spectroscopy makes
it possible to separate the positions of nitrogen donors and deeply compensating
vanadium impurities in SiC crystals and silicon carbide heterostructures and clearly
establish the structure of their energy levels.

ESE-detected EPR spectra of V** ions recorded at a frequency of 94 GHz in two
extreme orientations at a temperature of 2 K are shown in Fig. 8b. The inset shows
the spectrum of shallow nitrogen donors recorded by ESE. The pulse sequence used
to detect ESE was: 7/2 =202 ns, t=300 ns, and z=404 ns.

4 Summary

An EPR/ESE/ODMR spectrometer was developed, operating in continuous and
pulsed modes at fixed frequencies in the mm range. The flexible design of the spec-
trometer allows you to quickly change the configuration of the experiment. The
spectrometer can be used for a study and non-destructive control of condensed mate-
rials, including nanostructured and biological objects, using EPR, photo-EPR, ESE,
and ODMR. ENDOR is under development. Currently, it operates in W and D bands
(at 94 and 130 GHz, respectively), but the frequency bands can be extended.

The spectrometer is based on a series of unified microwave bridges that was
developed as a result of collaboration of the DOK Company and the loffe Institute
on the same technology platform, and covers the high-frequency range up to the
boundary between waveguide and quasi-optical technology. Advantages of these
bridges are high stability of the output frequency, low-phase noise (narrow spec-
trum: better than — 100 dBc at a 10 kHz offset), high output power, sensitive super-
heterodyne IQ receiver. Efficient and convenient microwave channel tuning system
uses a variable frequency oscillator, which can also be used for operation of the
spectrometer in frequency modulation mode. An original non-resonant microwave
system was created to supply microwave power to the sample, which uses a circular
waveguide and operates in a wide range of microwave frequencies in the 3 mm and
2 mm ranges. It does not require special tuning, and allows you quickly change the
operating frequency by replacing the microwave unit and rotate the sample by rotat-
ing the circular waveguide. It is also possible to study large samples with mm sizes.

The spectrometer uses a closed-cycle magneto-optical cryogenic system with a
split-coil superconducting magnet for all frequency ranges. Its operation does not
depend on cryogenic infrastructure. An advantage of this system is the possibility
of multiple recordings of spectra in the entire range of magnetic fields from —7 to
7 T with a smooth transition through the zero field. It provides an optical access to
the sample, a wide range of the sample temperature (from 1.5 to 300 K) and high
temperature stability.
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The possibilities of the developed high-frequency EPR/ESE/ODMR spectrometer
operating at frequencies of 94 and 130 GHz are demonstrated in measuring ODMR
of NV defects in diamond, recording the EPR spectra of non-Kramers Tb** centers
in YAG with a huge zero-field splitting, separating three different positions of nitro-
gen donors in 6H-SiC and the diagnosis of V>* in SiC, the main impurity in silicon
carbide used to obtain n-type materials and semi-insulating substrates.
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