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ABSTRACT
Fast and sensitive phase transition detection is one of the most important requirements for new material synthesis and characterization. For
solid-state samples, microwave absorption techniques can be employed for detecting phase transitions because it simultaneously monitors
changes in electronic and magnetic properties. However, microwave absorption techniques require expensive high-frequency microwave
equipment and bulky hollow cavities. Due to size limitations in conventional instruments, it is challenging to implement these cavities inside a
laboratory cryostat. In this work, we designed and built a susceptometer that consists of a small helical cavity embedded into a custom insert of
a commercial cryostat. This cavity resonator operated at sub-GHz frequencies is extremely sensitive to changes in material parameters, such as
electrical conductivity, magnetization, and electric and magnetic susceptibilities. To demonstrate its operation, we detected superconducting
phase transition in Nb and YBa2Cu3O7−δ, metal–insulator transitions in V2O3, ferromagnetic transition in Gd, and magnetic field induced
transformation in meta magnetic NiCoMnIn single crystals. This high sensitivity apparatus allows the detection of trace amounts of materials
(10−9-cc) undergoing an electromagnetic transition in a very broad temperature (2–400 K) and magnetic field (up to 90 kOe) ranges.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0136523

I. INTRODUCTION

Phase transitions observed in micro1 and macro2 systems are
interesting for the synthesis of novel materials and for searches for
new electromagnetic phases. The unique change in properties occur-
ring at phase transitions allows the classification and detection of
materials based on their physical properties, including ferromagnets,
ferroelectrics, and superconductors. Precise detection of electro-
magnetic phase transitions can be extremely challenging, requiring
specialized equipment and techniques. In most cases, an inevitable
inhomogeneity in the samples must be considered; for example, a
mixture of substances showing the same type of phase transition
but under different conditions can coexist. Furthermore, a phase
transition in a solid-state matter results in various structural,
electronic, andmagnetic states. Typical measurements, such as x-ray
diffractometry, electronic transport, and magnetometry, are usually
sensitive to only one of these states. On the other hand, microwave
absorption measurements3 can be simultaneously sensitive to the
modification of electronic and magnetic properties of materials.
A resonant microwave-absorption approach is notoriously sensi-
tive, which allows for studying phase transitions of tiny amounts
of material.1,2 This unique feature makes the microwave absorption

techniques particularly attractive for detecting phase transitions in
various sample sizes and shapes.

The resonant microwave-absorption technique requires large
cavities of the order of cm sizes to satisfy resonance conditions and
needs to be combined with a flow cryostat to control broader tem-
perature ranges. To the first approximation, the eigenmode resonant
frequency of a hollow resonant cavity, fres, is inversely propor-
tional to its size; for example, for a hollow cylindrical cavity with a
diameter of 13 mm and a length of 26.3 mm, the resonant frequency
of the TE011 mode is 15.2 GHz. Such high-frequency cavity opera-
tion requires relatively expensive, in many cases highly specialized,
excitation and detection equipment embedded in a complicated
auxiliary thermal and magnetic field environment. On the other
hand, most commercial cryostats that provide cryogenic tempera-
tures in high magnetic fields have important size limitations. Thus,
the development of a high frequency detection system that can easily
be incorporated into a commercial cryostat is desirable.

In this study, we have designed and fabricated a versatile
“helical cavity (HC) susceptometer,” which consists of a cylindrical
HC mounted on a custom-made attachment of a commercial cryo-
stat. Despite its small size, the HC can be excited by a sub-GHz
RF generator.3 Additionally, a custom phase-locked loop (PLL) has
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been implemented using a combination of common electronics and
device control software. We showed that PLL and the high Q-factor
enable monitoring of small changes in conductivity and electrical
and magnetic permeability with very high sensitivity. We show that
the HC susceptometer is extremely useful for the fast detection
of electromagnetic phase transitions in different materials in the
temperature range of 2–400 K and magnetic fields up to 90 kOe.
Thus, the main advantage of the apparatus in comparison to other
instruments is that it can be used for fast, sensitive, and selective
analysis of various phase transitions in inhomogeneous or mixed-
phase samples. Additionally, the design enables easy integration
into existing laboratory cryostats and advances the modification of
instrument-control algorithms to meet the requirements of custom
experiments.

II. APPARATUS DESIGN
An HC resonator can be considered a hybrid between a hollow

RF cavity and a coaxial resonator.4 Such resonators have broad
applications in high-frequency communication3,5,6 as filters and
amplifiers. HC resonators are also used in research for ion-beam
acceleration,7 measurement of dielectric properties of materials, and
surface conductivity.8–10 The structure of HC used in the appara-
tus is shown in Figs. 1(a) and 1(b). It consists of a cylindrical cavity
enclosing a helical wire, one end of which is connected to the wall
of the cavity [Fig. 1(a)], a top lid with a thin glass sample container,
and a base lid carrying the helix, small excitation and detection coils
connecting to the corresponding micro-miniature push-on RF ports
mounted at the bottom [Figs. 1(b) and 1(c)]. The reference port is
directly wired to the excitation port inside the cavity [Fig. 1(b)]. The
cavity body is machined from oxygen-free C110 copper. The helix
made of pure copper 20 gauge wire has 8 turns. The diameter of
the helix is 7 mm, and the distance between turns is 1.3 mm. The
excitation and detection coils have two 1.5-mm diameter turns. The
cavity is connected to the base of the cryostat insert made of G10
fiberglass laminate, which is widely used in cryogenic applications
[Figs. 1(c) and 1(d)]. The insert rod made of an 8-mm carbon fiber
tube contains four isolation baffles. Three 1.13-mm RF cables with
identical lengths connect the cavity with the top of the insert, where
four vacuum-sealed SMA (SubMiniature version A) connectors are
mounted. This insert is designed to be compatible with the Quan-
tum Design PPMS system and is easily adaptable to other similar
cryostats. A calibrated Cernox temperature sensor attached to the
cavity wall from the outside is connected to the cryostat socket puck
and allows precise temperature tracing of the cavity with a sample
[Fig. 1(c)].

The cavity is excited by an Agilent E4422B generator. The
detection and reference output are analyzed using an amplitude and
phase detection module based on the AD8302 microchip. The ana-
log voltage from the detector passes through a low pass filter, which
is amplified twice and read by a 16-bit analog-to-digital converter
[bottom schematics at Fig. 1(a)]. Figure 1(e) shows the frequency
sweep of AC-voltage amplitude on the detection coil and its phase
with respect to the reference signal near the fundamental-mode
frequency, fres = 570 MHz. This fundamental-mode frequency is
much lower than that for a hollow cavity of this size (15.2 GHz). At
resonance, the amplitude of the transmitted signal voltage increases
more than four times. Based on these data, the cavity Q-factor is

FIG. 1. (a) Schematics of the HC design and block diagram of electronics and (b)
components of the disassembled HC [from top to bottom: sample tube, top lid,
cylindrical wall, and a base containing helix, excitation (IN)/pick-up (OUT) coils].
The central pin of the reference (REF) connector is soldered to the central pin of
the excitation connector. (c) The assembled HC is installed on the cryostat insert
(d). (e) Examples of frequency dependences of transmitted voltage amplitude,
VOUT (left scale), and phase shift between OUT and REF (right scale).

equal to 300. The signal phase changes smoothly from 180○ to almost
0○ in the vicinity of fres, whereas, at fres, the phase is 90○. Note that
the length of the detection and reference cables are intentionally
chosen to be the same, so their properties change synchronously
with temperature since they are subjected to the same environ-
mental conditions inside the cryostat. This ensures that there is
no frequency-dependent phase change. As a consequence, a poten-
tial oscillatory component of the transmitted voltage amplitude and
phase with frequency is absent, i.e., there are no significant changes
in the transmitted signal phase and amplitude outside the resonant
region [Fig. 1(e)]. This helps greatly the detection of the resonance
and makes measured parameters more reliable.

Once a sample is placed into the HC and the fres is deter-
mined, two measurements are possible using the HC susceptometer:
frequency-locked loop (FLL) and phase-locked loop (PLL). For the
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FLL approach, the frequency of excitation RF signal is kept constant
and equal to fres while recording the detection-coil AC voltage ampli-
tude, Vres, and its phase as a function of temperature or magnetic
field. FLL can only be used for magnetic field or narrow-range tem-
perature scans. If the temperature varies in a wide range, parameters
of the HC (conductivity) and RF cables (dielectric constant and
losses) change significantly, which results in the cavity detuning
and, hence, a loss of susceptometer sensitivity. In contrast, the PLL
approach provides high sensitivity in a full range of temperatures
and magnetic fields, which is achieved by constant tuning of exci-
tation frequency to maintain a 90○ phase difference. This ensures
that the cavity always operates at the resonant frequency (S.1 in the
supplementary material). For the HC susceptometer in this work,
the PLL is realized using a custom LabView software, which adjusts
the generator frequency to maintain a 90○ phase difference. As a
first step of the PLL, the frequency change is calculated from the
frequency dependence of the phase [blue curve in Fig. 1(e)]. For
each subsequent step, the coefficient of frequency change is updated
based on the phase value obtained in the previous step. To avoid an
oscillation of the PLL, which may occur due to overshooting and
a slow relaxation caused by undershooting, the PLL coefficient is
decreased or increased by 5% when the phase overshoots or under-
shoots, respectively. Figure S1 in the supplementary material shows
a comparison of PLL and FLL measurements for the same sample,
whereas the data in Fig. S2 demonstrate the FLL scan for the Nb
chip and unambiguously exhibit the effect of cavity detuning in a
wide temperature scan range.

III. EXPERIMENTAL RESULTS
The potential of this equipment is shown by performing mea-

surements in a series of well-known situations, including phase
transitions, such as superconducting, metal–insulator, or ferromag-
netic, as a function of magnetic field and temperature. All the data
presented below were obtained using the PLL approach.

A. Superconducting transition in Nb
and YBa2Cu3O7−δ (YBCO)

Figure 2 shows temperature dependences of the resonant
voltage Vres and frequency fres for a 3 mg Nb chip. The data were
obtained at different applied magnetic fields ranging from 0 to
90 kOe by continuously sweeping the temperature from 12 to 2 K
with a 0.5 K/min rate. In the absence of a magnetic field, Vres and fres
show an abrupt increase at 8.9 K.11 This transition temperature is
about 0.3 K lower than the expected bulk Nb superconducting tran-
sition temperature of 9.25 K, which was detected for the same sam-
ple using QD DynaCool vibrational sample magnetometer (VSM)
(see Fig. S3 in the supplementary material). The slightly lower super-
conducting temperature detected with the HC susceptometer may
be due to a difference between the temperature reading by the
cavity of the thermometer and the actual sample temperature or due
to the natural oxidation that may occur on the surface of the sample.
Further evidence for the first case is proven by the 0.15 K hystere-
sis depending on the temperature sweep direction (inset in Fig. 2).
Additionally, as it is discussed in the supplementarymaterial, theHC

FIG. 2. (a) Temperature dependences of the resonant voltage of the transmitted RF signal, V res, and (b) resonant frequency, fres, for the cavity with 3-mg Nb sample measured
in magnetic fields ranging from 0 to 90 kOe. Insets show the zero-magnetic-field curves (black) in the vicinity of the superconducting transition.
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susceptometer is sensitive to changes in material properties localized
within the skin depth from the surface, whereas the VSM probes
the entire sample volume. Thus, partial oxidation of the Nb chip’s
surface may explain the reduction of the nominal Nb superconduct-
ing temperature and, thus, may be responsible for the temperature
difference. According to Fig. 2, an increase in the applied magnetic
field produces a shift of Vres and fres to lower temperatures and
smears the transition.

The temperature dependences of Vres and fres for a 100 nm
YBCO film (2 × 4 mm2) measured in zero fields (black curve) and
90 kOe magnetic field (red curve) are shown in Figs. 3(a) and 3(b).
Overall, the dependencies look similar to those obtained for the Nb
chip. Vres and fres increase at the SC transitions of 84 and 82 K
for 0 and 90 kOe applied magnetic fields, respectively. However,
in contrast to the Nb chip, these transitions are less abrupt: the
significant variation of Vres and fres completes at 82 and 73 K for
0 and 90 kOe applied fields, respectively. Moreover, Vres exhibits
a dip at the beginning of the transition, which slightly rises and
reaches a plateau. Additionally, fres starts decreasing below 55 K. The
resonance below 20 K becomes unstable for the YBCO sample. All
these sample-specific features might be related to mechanisms that
appear at low temperatures in high-temperature superconducting
thin films, such as vortex motion and pinning or weak links due
to granularity.12–14 Additionally, Fig. 3(c) shows the magnetic field
dependence of Vres measured at 50 K when YBCO is in the super-
conducting state. The instability observed in the low magnetic field
may be further evidence of the complex vortex behavior affecting
microwave dissipation, which can be further studied by such HC
susceptometers.

From the data presented above, we can calculate the sensitivity
of detecting a SC transition using the helical cavity susceptometer.
Considering that the film’s volume is about 10−6 cc and the mea-
surements noise ofVres and fres is on the level of 0.1%., the sensitivity
of these measurements is of the order of 10−9 cc superconducting
volume.

B. Metal–insulator transition in V2O3

V2O3 is a classic example of a material that undergoes
a metal–insulator transition. We grew a 100 nm V2O3 film
(2 × 7 mm2) on an Al2O3 substrate and measured the temperature-
dependent resistance to relate it to the HC signal. The V2O3
film exhibits a six-order of-magnitude resistance change at the
metal–insulator transition [Fig. 4(a)]. Metallic behavior, with a
characteristic resistivity decrease with temperature decrease, was
observed down to 182 K. Further decreasing temperature to 147 K,
the resistivity shows a significant rise from 0.25 to 100 mOhm × cm,
followed by a semiconductor-like rise of resistance below 147 K. The
resistive transition exhibits a pronounced 8 K temperature hysteresis
between cooling and heating curves.

The increase of the V2O3 resistivity during the transition yields
a significant change in Vres and fres for the cavity with the V2O3
sample.15 While decreasing the temperature, Vres drops from 190
to 120 mV and then rises back to 220 mV. At the same time, fres
rises by 3 MHz during the transition into the insulating phase. The
monotonic increase in Vres and fres outside the transition temper-
ature range is most probably due to the temperature variation of
the HC conductivity. Both temperature dependences of Vres and

FIG. 3. (a) Temperature dependences of the resonant voltage of the transmitted
RF signal, V res, and (b) resonant frequency, fres, for the cavity with the YBCO film
measured in 0-kOe (black curve) and 90-kOe (red curve) magnetic fields. (c) The
magnetic field dependence of V res was measured at 50 K.

fres exhibit a hysteretic behavior similar to the resistivity. However,
the width of the temperature hysteresis is about 13 K, which is
slightly larger than the temperature hysteresis obtained in resistivity
measurements.

C. Paramagnetic to ferromagnetic transition in Gd
Rare earth Gd undergoes a para-ferromagnetic transition at

293 K,16,17 which enhances the real and imaginary parts of the AC
magnetic susceptibility. In contrast to the paramagnetic phase, the
susceptibility shows a strong nonlinear dependence on the magnetic
field in the ferromagnetic phase. To monitor this magnetic transi-
tion in the HC setup, we used a 1 mg Gd sample and scanned the
temperature across its phase transition. There is an apparent vari-
ation of Vres and fres in the 280–300 K temperature range (Fig. 5)
with low fields. In zero magnetic field, Vres demonstrates an onset
of decrease at 298 K while the onset of fres reduction appears at
10 K lower. An increased applied magnetic field to 500 and 1000 Oe
results in suppression of Vres reduction, whereas the fres onset shifts
to higher temperatures. At 5 kOe applied field, which is sufficiently
high for saturating magnetization of Gd in the ferromagnetic phase,
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FIG. 4. (a) Change in resistivity for the 100-nm V2O3 film at the metal–insulator transition. The temperature depends on (b) the resonant voltage of the transmitted RF signal,
V res, and (c) the resonant frequency, fres, for the cavity with the film. The data are obtained while cooling (blue curves) and heating (red curves). The vertical dashed lines
show approximate temperatures at which the phase transformation starts and ends.

Vres and fres demonstrate a linear rise with temperature, without
the peculiarities in the 280–300 K temperature range (Fig. 5 green
curve). This result suggests that the HC susceptometer can detect
susceptibility changes at low fields across a paramagnetic to the
ferromagnetic phase transition.

D. Magnetic field induced transformation
in NiCoMnIn

Meta-magnetic shape memory alloy Ni45Co5Mn36.7In13.3
undergoes a martensitic transformation, which changes its mag-
netic moment and electrical conductivity.18,19 In contrast to
an ordinary paramagnetic to ferromagnetic transition, a high-
temperature austenitic phase (above 295 K) is ferromagnetic,
whereas a low-temperature martensitic phase (below 295 K) is
weakly magnetic, which is often attributed to competing para
magnetic–antiferromagnetic interactions.20–22 Additionally, the
phase transition can be controlled by a magnetic field, which

leads to a magnetic field induced transformation (MFIT).18 The
MFIT is responsible for the appearance of peculiar lobes emerging
in the high magnetic field on hysteresis loops measured at the
transition temperature range.19 Figures 6(a) and 6(b) show the
temperature dependence of Vres and fres for the HC with a 5 mg
Ni45Co5Mn36.7In13.3 single crystal sample. For the dependencies
measured in a 100 Oe magnetic field (black curve), Vres increases
with decreasing temperature below 300 K when high magnetization
austenite transforms to low magnetization martensite. At first
glance, Vres increasing with decreasing temperature indicates
that the system behavior is opposite to that of Gd. However, the
nature of the transition itself is the opposite since, with decreasing
temperature, Gd undergoes a transition to a high-magnetization
ferromagnetic state while the Ni45Co5Mn36.7In13.3 transforms
into a weakly magnetized martensitic phase. For 10 and 50 kOe
applied magnetic fields, Vres exhibits a decrease in the middle of
the transition, whereas Vres measured at 90 kOe magnetic field
shows a step-like increase. Additionally, modification of fres with
temperature also strongly depends on the magnetic field. Namely,
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FIG. 5. Temperature dependences of (a) resonant voltage, V res, and (b) resonant
frequency, fres, measured in the 0-Oe, 500-Oe, 1-kOe, and 5-kOe magnetic fields
for the HC with 1-mg Gd sample undergoing paramagnetic–ferromagnetic phase
transition at 293 K (the vertical dashed line).

FIG. 6. Temperature dependences of (a) resonant voltage, V res, and (b) resonant
frequency, fres, measured in different magnetic fields for the Ni45Co5Mn36.7In13.3
single crystal undergoing MFIT. (c) Hysteresis loops of V res measured between 90
and 90 kOe at 300 K (black line) and 280 K (red line) evidence MFIT.

a substantial increase in fres is observed only for the corresponding
curves measured in the 10 and 50 kOemagnetic fields. This behavior
can be attributed to a complex modification of susceptibility with
MFIT. Figure 6(c) shows Vres loops measured as a function of the
applied magnetic field swept between 90 and −90 kOe at 300 K
(black line) and at 280 K (red line). The loops have pronounced
hysteresis caused by MFIT. According to the hysteresis loops at
different temperatures, MFIT starts in small magnetic fields at
300 K, while a substantial magnetic field (above 10 kOe) must be
applied to initiate MFIT at 280 K.

IV. DISCUSSION
A theory providing a full description of microwave cavity

absorption may be quite complicated due to the strong dependence
on the cavity parameters and, especially, sample properties.5,23–26

For the HC in this study, the sample is placed at the center of the coil
where the RF magnetic field is maximal and aligned along the cavity
axis. A simple model, which enables qualitative characterization of
the sample absorption and yields a change in sample parameters at
the phase transition, is given by the inductive-heating model.27 The
power dissipation density, Pd, can be expressed as

Pd ∼ Cμ2σ
1 + Cμ2σ2 , (1)

where μ and σ are the high-frequency magnetic permeability and
conductivity, respectively, of a material, and C is a parameter that
depends on the geometry of the sample and the excitation frequency.

According to Eq. (1), the cavity absorption increases with
increasing μ. This explains the drop of Vres [Fig. 5(a)] for the HC
with the Gd sample when it becomes ferromagnetic. The same
explanation can be applied to the NiCoMnIn single crystal to
justify the enhancement of Vres on the temperature dependence
measured in 100Oe [Fig. 6(a) black curve]; below 295 K, thematerial
becomes paramagnetic, and μ decreases. For higher magnetic fields
(10, 50, and 90 kOe) at temperatures at which MFIT takes place, μ
is greatly enhanced since Vres is suppressed in the MFIT temper-
ature range. The complex magnetization behavior is illustrated by
the Vres hysteresis loops shown in Fig. 6(c). At 280 K, Vres starts
to fall in magnetic fields exceeding 70 kOe. Surprisingly, substan-
tial magnetic-field hysteresis is observed even at 300 K, which can be
a sign of enhanced magnetic viscosity near the MFIT.

One of the interesting phenomena observed using the HC sus-
ceptometer is the “valley”-like suppression of Vres observed at the
beginning of the superconducting transition for the YBCO film
[Fig. 3(a)] and the valleys in the middle of the metal–insulator
transition for the V2O3 film [Fig. 4(b)]. According to Eq. (1), the
dependence of Vres on the conductivity is highly non-monotonic;
a decrease in σ first leads to an enhancement of absorption until
it reaches a maximum at σ∗ = 1/

√
C (assuming μ and ε are equal

to 1). After that, a further decrease in σ leads to a reduction in
absorption.15 Thus, the microwave absorption reaches a maximum
when the sample’s conductivity is σ∗, where σ∗ is defined by the
sample geometry and excitation frequency. Since σ of the V2O3
film significantly changes at the metal–insulator transition, presum-
ably reaching σ∗ in the middle of the transition, which explains
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the pronounced minimum of Vres during the transition. Although
the morphology of the metal and insulating domains in V2O3
has previously been studied without high-frequency excitation and
shown to be nearly the same during cooling and heating,28 the eddy
currents produced by the high-frequency electromagnetic field can
cause local changes in the coexisting monoclinic and corundum
phases that can increase absorption.28,29 Moreover, the distribution
and morphology of these fields during cooling and heating may be
different, which explains the increase of thermal hysteresis on the
temperature dependence of Vres.

Similarly to the V2O3 film, the occurrence of σ = σ∗may explain
the dip in the Vres observed at the beginning of the superconducting
transition for the YBCO film. Interestingly, a microwave absorp-
tion peak was reported for another high-temperature HgBa2CuO4+δ
superconductor, for which the effect was attributed to the opening
of the pseudo gap above the superconducting phase transition.28

Similarly to Vres, the change in fres strongly depends on the
modification of σ, andmagnetic and electric permeability at the elec-
tromagnetic phase transitions. An increase in μ causes a reduction
of fres, which is clearly observed for the Gd sample. For NiCoMnIn
single crystal, the effect of μ increase at temperatures below 295 K
is much less pronounced than that caused by MFIT. The increase in
fres in the superconducting state for Nb and YBCO is governed by
a change in σ and the Meissner effect.11,25 The peculiar decrease in
fres when the temperature is decreased below 55 K may be attributed
to vortex relaxation due to columnar defects.29 Another unexpected
result related to the behavior of fres is its increase for V2O3 film in the
insulating state [Fig. 4(c)]. Typically, an increase in resistivity causes
a decrease in fres,15 as found for another vanadium oxide, VO2,
which is undergoing metal-insulating transition at around 340 K.
The unusual behavior of V2O3 may be attributed to the antiferro-
magnetism of V2O3 in the insulating state.30,31 Hence, a rise of fres
at low temperatures may be due to suppression of μ rather than
significant enhancement of σ.

Temperature is a crucial characteristic parameter of all of the
above-mentioned phase transitions. To ensure reliable temperature
reading, the thermometer was placed outside of the cavity in close
proximity to the sample tube. Additionally, the cavity mass was
minimized to limit the thermal inertia. All these precautions enable
accurate temperature readings. At low temperatures, the tempera-
ture difference between the cryostat and on-cavity thermometers
during a 0.5 K/min scan is less than 0.2 K. However, due to the
heat capacitance of the cavity and the fact that heat exchange at
the insert is provided by He exchange gas, the temperature differ-
ence may rise for higher temperature measurements (above 100 K).
Based on the hysteresis of Vres (T) and fres (T) curves, the inaccuracy
of the readings does not exceed 1 K. The observed deviation of the
measured phase-transition temperature from the nominal supercon-
ducting temperature for Nb is most probably related to the quality
of the surface of the sample probed by the HC susceptometry (S.1 in
the supplementary material). The enhanced temperature hysteresis
observed for the V2O3 film may be related to the physical properties
of the material.

V. CONCLUSION
The HC susceptometer we developed is an easy-to-implement

apparatus that can be used as a powerful tool for detecting

various phase transitions in different materials and qualitative analy-
sis of electrical conductivity, and magnetic and electric permeability
of materials in different phases. The complete design and control
software is provided free by the authors, and any reproduction and
further design improvements are highly encouraged. It is impor-
tant to mention that certain modifications in the apparatus design
can improve its sensitivity. First, it would be beneficial to use a
gold-plated cavity to enhance the Q-factor and temperature drift
of parameters for the unloaded HC. Second, the currently imple-
mented software PLL control enables fine-tuning of the parameters;
however, it is much slower than an electronic hardware PLL control.
The ideal solution would be to implement a hybrid control for which
an electronic module controls the PLL at a very high correction
frequency; at the same time, the parameters of the control can be
monitored and adjusted in software in real time.

Although the primary purpose of this manuscript was to
demonstrate the capabilities of the apparatus, a few interesting
observations were made. First, it was shown an unusual absorption
hysteresis for a cavity with a NiCoMnIn single crystal at a tempera-
ture slightly above the martensite–austenite transition temperature.
Additionally, MFIT yields significant modification of resonant para-
meters. Second, we observed enhanced absorption of the YBCO film
below 55 K, which may be caused by modification of the super-
conducting vortices and could be used to study vortex dynamics
in superconductors. Third, it was shown that simultaneous mea-
surements of HC resonant voltage and frequency allow tracing not
only change in electronic (metal–insulator) but also in magnetic
(paramagnet–antiferromagnet) transitions of the V2O3 film.

SUPPLEMENTARY MATERIAL

The supplementary material contains the data illustrating the
difference between the HC-susceptometer measurements conducted
in the phase-locked and frequency-locked modes, and the Meissner-
effect measurement of the Nb chip. The difference in the super-
conducting temperatures detected using the magnetometer and HC
susceptometer is discussed.
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