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Abstract: We introduce a novel approach to study the dielectric permittivity of spin crossover (SCO) molecular
materials using a radio frequency (RF) resonant tunnel diode oscillator (TDO) circuit. By fabricating a parallel
plate capacitor using SCO particles embedded into a polymer matrix as an integral part of the LC tank of the
TDO we were able to extract the temperature dependence of the dielectric permittivity from frequency
measurements for a wide selection of resonance values, spanning from 100 kHz up to 50 MHz, with great
precision (less than 2 ppm), in a broad temperature range. By making use of this simple electronic circuit to
explore the frequency and temperature dependent dielectric permittivity of the compound Fe[(Htrz)2(trz)|BF4
we demonstrate the reliability and resolution of the technique and show how the results compare with those
obtained using complex instrumentation.
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1. Introduction

Spin crossover (SCO) materials represent a fascinating class of molecular systems that exhibit
reversible transitions between different spin states, typically between a low-spin (LS) and high-spin
(HS) configuration. These transitions, driven by external stimuli such as temperature, pressure, light,
or electric fields, are of significant scientific interest due to their profound influence on the physical
properties of the material.1 One of the most important aspects of SCO materials is the significant
dependence of their electrical properties, such as conductivity and dielectric permittivity, on the spin
state 2-4. The change in spin configuration alters the distribution of electrons within the molecule,
affecting the overall electronic structure. As a result, the electrical conductivity can shift considerably
when the material switches between its LS and HS states. This spin-state-dependent modulation of
electrical/dielectric behavior makes SCO materials attractive for applications in smart devices, such
as memory storage, sensors, and switches, where the control of electrical properties is crucial 5-11.
Furthermore, the ability to tune these properties through external control adds versatility to their use
in next-generation technologies. This unique coupling between spin and electrical properties sets
SCO materials apart from other molecular systems and continues to drive research in this area.

We focus our study on the Fe(Il) complex [Fe(Htrz)2(trz)]BF4 , one of the most widely studied
SCO materials, which can be synthesized from large micro-rods to less than 10 nm nanoparticles 12,13
and has the advantage of being a robust material with an abrupt hysteresis above room temperature
with a large hysteresis width.14

We propose here a novel method to study the RF dielectric properties of SCO materials.
Typically used for magnetic susceptibility measurements, the tunnel diode oscillator (TDO)
technique uses a simple electronic circuit based on the negative differential resistance of a tunnel
diode to sustain oscillations in a LC tank. Since the circuit is always at resonance, minute variations
in the values of capacity or inductance of the tank can yield easily measurable changes in frequency.
It is a highly sensitive method that allows for the detection of small changes in the permittivity of the
insulating material of the capacitor or permeability of the inductor core. The TDO method is most
notably used in low temperature/ high magnetic field physics to investigate the magnetic
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susceptibility of insulators,15 organic compounds,16 ferromagneticl7 or superconducting
materials18,19 as a function of temperature or applied magnetic field; there are however very few
studies that focus on the dielectric permittivity. In fact, one of the first to do a comprehensive study
of the TDO method, Craig Van Degrift, built an extremely stable TDO circuit (0.001 ppm) to probe
the dielectric constant of liquid helium?20.

Our work involves using a SCO based capacitor as an LC tank component of a TDO circuit to
investigate the dielectric permittivity of [Fe(Htrz)2(trz)](BF4) particles by measuring induced
changes in resonant frequency. We show how this simple technique can be used to study the
temperature and frequency dependence of nano/micro structured materials in a broad temperature
range and for a wide interval of RF frequencies with high resolution.

2. Tunnel Diode Oscillator (TDO) Method

[Fe(Htrz)2(trz)](BF4) nanoparticles, synthesized as described in ref.21, were embedded in a
Polyvinylpyrrolidone (PVP) polymer matrix to be used as a dielectric to construct an
ITO/SCO+PVP/ITO capacitance assembly. A diagram of the fabrication process is shown in Figure 1.
Copper electrodes were attached to the exposed ITO sides of glass slabs using silver paste.
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Figure 1. Fabrication process of ITO/SCO+PVP/ITO capacitor.

The obtained capacitor is transparent (Figure 2a), robust and was able to withstand multiple
temperature cycles between room temperature (RT) and 155 °C. The active area is ~1x0.8 cm2 with a
25 microns thick SCO+PVP dielectric composite, with a good dispersion of the SCO nano-particles in
the PVP matrix (Figure 2c). The volume ratio of SCO to PVP in the solid dielectric is 1/10. The
capacitance value is around 120 pF. One can easily adapt the capacity to any desired value by
modifying the active contact area or dielectric thickness. We also constructed, using a similar
approach, a PVP only capacitor that we tested in similar conditions to be able to extract, if any,
polymer contributions to the dielectric properties results. We chose PVP as the insulating polymer
for its availability, transparency and high melting temperature although we reckon any similar
properties polymer could be used.
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Figure 2. (a) ITO/SCO+PVP/ITO dielectric capacitor; (b) Frequency dependent Capacity and
Impedance values of the capacitor at RT as measured using broadband dielectric spectroscopy; (c) 50x
optical image of the SCO+PVP composite film; (d) SEM image of Fe[(Htrz)2(trz)|BF4 particles used.

A major advantage of the method is its simplicity. One only needs a few components and a
frequency counter to achieve results comparable with, if not better than, expensive tools. Careful
construction of the circuit can yield excellent stability and great resolution. We constructed a circuit
to allow us to study the temperature variations of the capacity of our ITO/SCO+PVP/ITO dielectric
capacitor by measuring the temperature induced resonance frequency shift of the TDO.

A scheme of the TDO circuit used is shown in Figure 3. It uses a MBD4057 tunnel diode along
with commercially available components to drive sustained oscillations in an LC tank. The low power
circuit requires a DC source (1-2 V) to operate, a dc-block (or a high value capacitor), a x10 amplifier
(optional) and a frequency counter. By choosing various values for L and C we can decide on the
resonant frequency. In our setup, we were able to obtain oscillations ranging from 100 kHz to 50 MHz
by constructing the LC tank with inductance values ranging from 0.5 uH to 150 uH and capacitor
values from 10 pF to 12000 pF. Our setup has a typical frequency precision of less than 2 ppm at RT,
meaning we can detect changes as small as 2 Hz for a 1 MHz resonant frequency, considering that
the stability and noise are mostly a result of outside temperature variations and electrical noise.

to power supply

_ 3 SMA ports RF enclosure

§5 MBD4057 2 SMA ports enclosure Thermal Stage

B
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SCO+PVP Capacitor
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Figure 3. TDO circuit design used for temperature measurements
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In order to study the temperature dependence on the SCO+PVP composite, we fitted the
capacitor into a liquid nitrogen gas controlled temperature stage (for thermal uniformity across the
capacitor assembly). The capacitor is connected in parallel, via a shielded cable, with the separate LC
tank of the TDO circuit, where both the latter are kept at room temperature. A picture of the RT circuit
is shown in Figure S1 in the Supporting Information. By choosing various values for L and C we can
choose the frequency of operation and, in turn, the frequency at which we wish to study the SCO-
PVP dielectric behavior.

The operational principles of the TDO method are discussed at length in the literature22. In order
to have sustained oscillations some conditions regarding the L and C values must be met.23 To satisfy
the oscillation constraints we used Multisim to simulate and select appropriate capacitance and
inductance values in order to get the desired frequency. The capacitors used are all NP0 commercial
type capacitors, however, the coils we built in house. We used COMSOL Multiphysics to simulate
the number of magnet wire turns needed to obtain the desired inductivity and DC resistance values
of the coils, which we then built using GE varnish to encapsulate the solenoid windings. Considering
the capacitance value of ~ 120 pF of our SCO+PVP based capacitor, we combined various values for
the parallel C (namely 0, 470, 1000, 1500 and 10000 pF) with inductors constructed with different L
values (namely 3, 6, 21 and 100 uH) to obtain different resonant frequencies. We were thus able to
probe the SCO+PVP dielectric at 7.52 MHz, 4.86 MHz, 2.32 MHz, 1.38 MHz, 873 kHz, 466 kHz and
152 kHz by measuring the frequency variation with temperature.

Since the resonant frequency of the circuit is dependent on most circuit components values,
absolute values of L or C are difficult to extract from direct frequency measurements, hence the
method is typically used for relative measurements. We are interested in the capacitance, Cr,
variation as a function of temperature of our SCO+PVP based capacitor, which is in a parallel
configuration with the fixed capacitance value capacitor in the LC tank (kept at RT). The fixed value
C s altered by the parasitic capacitance from connecting cables, which is a function of frequency and
insignificantly affected by sweeping temperature variations; we can thus consider it as fixed.
Nonetheless, we can get absolute capacitance values from the precise estimations of small variations
of Cr, as in our case, if we know an approximate initial value. There are more accurate formulas for
the resonant frequency of a TDO circuit,23-24 which take into account most variables. However, for

our measurements the classical formula is more than adequate. Considering the resonant frequency:
1

f 27t/ L(C+Cq) @
it is easy to show that, for small variations of Cr
of
oCr 2m2F, @

Knowing our L values, we can accurately estimate Cr as a function of temperature as Crr+0Cr
from frequency measurements, where we consider Cgr as the capacity value of the SCO+PVP based
capacitor at RT, as measured by any other capable instrument. The measurement does not have to be
very precise or the value taken at RT. We did however considered the RT value of the capacity as
extracted from the data represented in Figure 2(b).

All temperature measurements herein were carried out in a similar way and entail three
complete heating/cooling thermal cycles between 20 and 130 °C, at a rate of 2 °C /min, with 5 min
waiting time at each temperature extrema.

3. Results

The obtained SCO+PVP composite keeps its spin crossover properties being stable over several
successive temperature cycles. Figure 4a shows the temperature dependence of the high spin fraction,
nHS, recorded by using a MPMS3 Quantum Design magnetometer, on the SCO+PVP composite film
obtained from drop casting the same solution used for fabricating our capacitor, albeit a thicker film
for sufficient magnetic signal.

We show firstly one of the data sets obtained from the TDO resonant frequency measurements
as a function of temperature for our SCO+PVP based dielectric capacitor along with the data for the
PVP based capacitor (Figure 4). The curves shown correspond to the second thermal cycles. The first
thermal cycle (usually after a period of rest) exhibits strong, subsequently non-repeatable variations
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of the capacity of both PVP+SCO and PVP only capacitors and are most likely due to solvent
evaporation or thermal relaxation effects in the PVP polymer (Figure S2).
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Figure 4. (a) High-spin fraction as a function of temperature for the SCO+PVP composite, and (b) TDO
frequency relative shift as a function of temperature for both the PVP only and SCO+PVP dielectric

capacitors at ~ 0.9 MHz.

In this particular case, we used a 21 pH inductor and 1500 pF capacitor for the LC tank with both
capacitors. The resonant frequency at RT, i.e. at the start of the second cycle, for the ~ 120 pF SCP+PVP
capacitor is fgrr = 872800 + 1 Hz while for the ~ 80 pF PVP only capacitor is 890300 + 1 Hz. The df
values are calculated as the difference in measured frequency f and frt

The solid polymer matrix widens the thermal hysteresis of the SCO. Transition temperatures, as
extracted from the derivatives extrema of the temperature dependence, in heating/cooling modes, are
113/74°C for the neat powder and 117/63°C respectively for the SCO+PVP composite. We show in
Figure 5 the obtained results for the temperature dependent capacity variations, as estimated using
Equation 2, for our SCO+PVP dielectric based capacitor for seven different resonant frequencies of

our TDO circuit.
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Figure 5. Capacity variation with temperature dCr of [Fe(Htrz)2(Trz)](BF4) particles in PVP (in pF)
as extracted from TDO frequency measurements for (a) low and (b) high frequencies.

The absolute capacity values Crr+0Cr can be easily calculated by adding the RT value for a

given frequency. For example, at 873 kHz, the room temperature value Cgr is 123 pF (see Figure 2b)
meaning that the highest LS TDO estimated value is 123 + 1.5 pE. The relative dielectric permittivity
can be estimated knowing the area and separation between the electrodes. The temperature variation
of & asinferred from capacitance results, for various TDO frequencies, is shown in Figure 6
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Figure 6. Dielectric permittivity of [Fe(Htrz)2(Trz)](BF4) particles in PVP matrix for (a) low and (b)
high frequencies.

If we now plot the frequency dependence of dCr, which is the capacity value as measured by
the TDO minus the capacity value at RT, for several temperatures (Figure 7), we get the typical
relaxation process of electric dipoles where we have a reduction in dielectric permittivity with
increasing frequency.25 We chose to show dCr rather than absolute Cy values due to scaling issues
in distinguishing any dependence with temperature
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Figure 7. Capacity shift from RT value as a function of TDO resonant frequency for selected
temperature values in the (a) heating and (b) cooling modes.

Figure S3 in the Supporting Information shows the same data, but in absolute values of the TDO

Capacity. All curves seem to indicate the presence of an inflection point around 600 kHz with a
maximum at ~900 kHz.

5. Conclusions

We show how a tunnel diode oscillator can be used to study the dielectric permittivity of
molecular spin crossover particles in variable temperature and frequency. The results obtained for
[Fe(Htrz)2(Trz)](BF4) particles embedded in a PVP matrix, used as dielectric filling for a parallel plate
capacitor, show the proof of concept of the TDO method in characterizing the dielectric permittivity
of SCO materials. The capacitor can be easily built to accommodate a wide range of materials of
various particle shapes and sizes. Due to the micrometric separation of the electrodes, the active
dielectric material quantity required is very low. It can be constructed in different shapes, areas and
thicknesses and can be made to resonate with a wide range of inductance and parallel capacity values
to allow for a large range of RF excitation frequencies. The construction of the circuit is simple and
accessible with results comparable with complex and expensive instrumentation. One can, in
principle, build a TDO circuit to suit a wide range of applications most notably those that require
temperature changes, pressure variations, optical excitation or applied magnetic field.

6. Patents

This section is not mandatory but may be added if there are patents resulting from the work
reported in this manuscript.
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Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org: Figure S1: The room temperature part of the TDO Circuit (containing the LC
tank) to be connected in parallel with our SCO+PVP capacitor; Figure S2: Capacity vs. temperature for PVP only
capacitor as measured by dielectric spectroscopy at 900 kHz; Figure S3: Capacity value of the SCO+PVP capacitor
as a function TDO resonant frequency for different temperatures in: (a). heating and (b) cooling modes; Figure
S4: Raw measurement data using the TDO method vs. Impedance Spectrometry for 152 kHz and 4.87 MHz..
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