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ABSTRACT: In this work we propose a new method to perform contactless conductivity to study many phenomena in material
science in high magnetic fields and low temperatures. The new method works by transmitting radio frequency (rf) signals
through a simple band-pass circuit with the sample of interest coupled to the circuit’s inductance part. The new method is
aiming to avoid some of the drawbacks associated with the use of a recent rf transmission method that uses different circuit
design. Some of these drawbacks are stemming from the responsive nature of the used circuit to rf signals (i.e., absorption of a
specific range of frequencies when band stop circuit is used). The new proposed method is expected to have a better resolution
and is expected to be more user friendly due to its simplicity when compared to other methods. More important aspect of the
new design is the robustness to the extreme electrical and mechanical conditions experienced by the measuring circuit during
the application of high magnetic fields. In order to prove the concept of operation of this new method and its capabilities, a
presumed sample that shows the Shubnikov-de Haas effect is investigated.
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1. INTRODUCTION

Radio frequency (rf) methods are proven to be very sensitive
and very powerful methods when studying materials in very
high magnetic fields and at low temperatures [1-5]. Because
of the high sensitivity and highe resolution (up to 10®) rf
methods are used to study interesting and sometime hard to
observe phenomena like the Shubnikov-de Haas (SdH)
effect, superconductivity and magnetic transitions [6-8]. In
the SdH effect, the resistivity of a metallic sample would
oscillate as the applied magnetic field is varied at low
temperatures solely due to quantum effects [9]. Measuring
the SdH effect in metallic samples provide valuable
information about the geometry of the Fermi surface in the K-
space, its dimensionality and the effective masses of the
electrons [10]. Recently, rf methods have been used in many
studies aimed to measure the SdH effect in Cuprates hoping
to unlock the secret of high temperature superconductivity in
such materials [2, 6, 11]. So far, the Tunnel Diode Oscillator
(TDO) method and the Proximity Detector Oscillator (PDO)
method are the main methods that have been used to perform
such measurements. In both methods, the sample of interest is
inserted in the inductor of a self-resonating LC circuit where
the resonance frequency of the circuit is changing as a
function of the sample’s resistivity [4, 12, 13,]. When these
methods are used in high pulse magnetic fields the measuring
circuit parameters need to be protected from the effect of
induced voltages in their circuitry during the pulse [14]. The
PDO method has more robust parameters than the TDO
method making it used widely to study SdH effect in the
leading pulse magnetic facilities around the world [8, 13].
However, the use of TDO and the PDO methods to perform
contactless conductivity needs to be done by a researcher
with special skills in rf circuits. Adding to this, the data
obtained by these two methods (TDO and PDO) needs an
extra effort to interpret and analyze which makes these
methods less attractive to be used regardless of their
advantages. As a part of the effort to avoid some of the issues
associated to the use of the known rf methods and to make

them more user friendly, in 2012 a new method was proposed
by Altarawneh to perform contactless conductivity on the
topological insulator (Bi,Sis) through an rf transmission setup
in a simple LC circuit [15]. In that method, the measurement
was performed by monitoring the amplitude of a constant
frequency rf signal that's sent to a band stop circuit with a
sample inserted in the inductor. The used band stop circuit
passes all frequencies except those very close or equal to the
resonance frequency of the circuit. When a sample is inserted
in the inductor of the band stop circuit the value of the
absorbed frequency in the circuit depends on the resistivity of
the sample that varies with magnetic field and temperature.
The transmission setup through the band stop circuit was
used firstly because of the simple design of the circuit which
makes it less vulnerable to induced voltages in the circuit
during the application of pulse magnetic field. However,
using a band stop circuit has some drawbacks that stem from
the nature of the frequency response of the band stop circuit.
Particularly, the amplitude of the recovered signal at the
circuit's output is very small since the sent frequency is close
to the absorbed frequency value in the circuit. Having the
amplitude of the recovered signal small and close to the noise
floor will lead to a poor resolution measurement. Moreover,
having small amplitude at the output requires more
electronics (e.g., amplifiers, mixers and filters) to increase the
amplitude to the value at which the measurement become
possible. Because of these drawbacks it is crucial to introduce
another circuit design with a different frequency response so
that instead of having the frequency of interest absorbed in
the circuit it will be passed through the circuit. The well-
known band pass circuits can be modified to fit our needs and
to eliminate the main drawbacks associated to the circuit
design in Ref. [15]. Especially drawbacks related to the small
amplitude of the rf signal at the output of the measuring
circuit.

In this paper after this introduction, the theory of operation of
the new circuit design will be presented and a description of
the new method, experimental setup for dc magnetic field and
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for pulse magnet field will be introduced. Also, we will
discuss a simulation of the circuit performance when used for
studying the SdH effect for a presumed metallic sample. At
the end of this paper, we will present a conclusion in which
the advantages of this method will be reviewed.

2. Theory of operation:

In general, band pass circuits can be built in many designs
and can have complex circuitry. However, in this work, the
design in the following figure (Fig.1) is chosen because of its
simplicity [16].

R VYum

Fig.1: The circuit diagram of a band pass filter circuit, where L
is the inductance of the coil, C is the capacitance, R is the
resistance, Vi, and V, are the amplitude of the input and the
output of rf signals.

The amplitudes ratio of the rf signals between the output
signal and the input signal can be studied by investigating the
response function H (w) which is given for the circuit in Fig.1

as [16]:

Vout _ R (1)
Vi R+joL+1/(wC)

Where w = 2rtf and f is the frequency in units of Hz. Eq.1
can be written as the magnitude of H(f) as:

R
IH(P)I = T (2)
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The frequency at which the value of 2mfL —1/2rnfC is
equal to zero is called the resonance frequency which is equal
to f, = 1/(2nVLC) [16]. The magnitude of the response
function H(f) for the resonance frequency (f;) is equal to 1.
In this case the signal at this frequency suffers neither
reflection nor absorption and it is transmitted as it is to the
output with the same amplitude. Other frequencies that are
not equal or not close to f, in value will not pass to the
output of the circuit. When a metallic sample is inserted in
the inductor of the circuit the volume at which the rf field is
allowed to go thorough inside the coil is reduced by the
volume of the sample. At the surface of the sample the rf
field penetrates to a depth inside the sample depending on the
conductivity (resistivity) of the sample and the frequency of
rf field. This depth (&) is called the skin depth and it is given

by the relation:
p
= |— 3
’ﬂfﬂ (3)

Where p is the resistivity of the sample; p is the magnetic
permeability of the sample and f is the rf field frequency.
The reduction of the coil effective volume at which the rf
field is allowed to penetrate causes the inductance of the coil
to be reduced severely (depending on the volume of the
sample and its resistivity) [17]. The resonance frequency of

the circuit f; = 1/(2rvLC ) will increase dramatically due to

H(w) =
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the large reduction of the inductance after inserting the

sample ( f, = 1/(2m,/LsC ). Fig.2 shows an example of the
response function as a function of frequency for an empty
coil and for a coil loaded with a presumed sample. Assuming
the coil (inductor) in the circuit is a solenoidal coil which its
inductance can be given as L, = pon?V.. Where nis the
number of turns per unit length and V. is the volume of the
coil. Based on the volume the rf field is allowed to go
through, the inductance of the coil after inserting the sample
(Lg) can be written as:

L = pon? (VC +1 (2 \/% - 1)) )

Where V; is the volume of the sample and r; is the radius of
the sample. From the equation above (Eq.4),
H(f)
1
coil with sample
0.8

Empty coil
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)
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Fig.2: The band pass circuit reponce function H(f) magnitude as a
function of frequency for an empty coil and for loaded coil. The
values in Eq.2 and Eq.4 were chosen as: R = 0.6, C = 5.0pF,
=1x107°Q.m, rpy = 0.75mm, 1, = 0.70mm and n =
20,000 turns /m.
when the resistivity of the sample increases or decreases the
inductance of the coil will increase or decrease too
respectively. The change in the inductance has a direct
proportionality to the resonance frequency of the circuit. By
monitoring the resonance frequency of the circuit, the
resistivity of the sample can be monitored and studied as a
function of other variables like temperature or magnetic field.

3. Proposed application in dc magnetic field:

The proposed circuit design in Fig.1 can be used with a
Network Analyzer for studying contactless conductivity in a
dc magnetic field with high precision. A typical Network
Analyzer sends N number of frequencies from port (A) in a
chosen range around the resonance frequency of the circuit
and recovers them on another port (B) and compares their
amplitudes [18]. The resonance frequency then, can be
determined as the point where the response function
magnitude equals to 1. In dc magnetic field experiments, the
applied magnetic field on the sample can be changed
gradually. In this case, the Network Analyzer has enough
time to find an exact value for the resonance frequency of the
circuit that can be used to find the conductivity of the sample.
Fig.3 shows the schematic diagram of the experimental setup
for measuring the contactless conductivity when the magnetic
field is applied. In which the resonance frequency and the
transmitted power (at resonance) are measured and collected
by a computer along with magnetic field and temperature. A
thermometer can be installed close to the sample to measure
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the sample’s temperature. Moreover, a LabVIEW software
(National Instruments) can be built to record the resonance
frequency of the circuit as collected by the Network Analyzer
with magnetic field and temperature in a suitable data file.
The advantage of this new approach is that the sensitivity of
the measurement is very high since the resonance frequency
measured depends on the measurement coil only (not depends
on the transmission line and measurement coil as in TDO or
PDO methods).
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Fig.3: The schematic diagram of the proposed setup for radio
frequency transmission through the band pass circuit in dc field
magnets and at liquid Helium temperatures.

4, Proposed application in pulse magnetic field:

In pulse magnetic field, the magnetic field applied on the
sample is generated by discharging an electric energy stored
in a capacitor bank into a well-designed magnet coil to
produce a pulse of magnetic field in a time window of (~100
ms or smaller). Due to the relatively long time needed by
instruments (~10 ms for a Network Analyzer) to find the
resonance frequency of the circuit in Fig.1, another procedure
needs to be established to detect changes in the resonance
frequency indirectly. In this proposed work, the procedure
used in Ref. [15] for a band stop circuit design which has an
opposite frequency response can be followed with the new
circuit design. In this procedure an rf signal with a fixed
amplitude (V;,) and fixed frequency (f) that is close to the
resonance frequency would be fed to the input of the circuit.
The amplitude of the recovered signal at the circuit output
(Vo) Will depend on the frequency difference between the
sent frequency (f) and the circuit’s resonance frequency (f;).
For example, if the sent frequency is equal to the resonance
frequency the signal’s amplitude at the output is equal to the
amplitude at the input. As the sent frequency (f) into the
circuit is increased higher than the resonance frequency
(fo) or decreased lower than the resonance frequency the
amplitude (V,,.) will decrease in both cases. When the
resonance frequency of the circuit is changing due to a
change in the sample’s conductivity, the amplitude of the rf
signal flowing in the circuit will change depending on the
sample conductivity. Basically, the changes in conductivity
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can be observed by tracking the changes of the rf amplitude
(Voue) at the circuit output. The change in the conductivity of
a sample could be stimulated by change in temperature or
magnetic field. In this case the change in the output
amplitude can be recorded as a function of magnetic field and
temperature. The following figure (Fig.4) represents the
schematic diagram of the proposed experimental setup of rf
transmission through the new circuit design.
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Fig.4: The schematic diagram of the experimental setup for
radio frequency signal transmission through the band pass
circuit in pulsed magnet and at liquid He4 temperature.
In this work, based on the values we have picked for the
circuit elements and for the sample conductivity and
geometry, the resonance frequency of the circuit with the
sample loaded to the measurement coil is found to be
around 309.650 MHz. As demonstrated in Fig.4, an rf signal
with a frequency of f = 309.5 MHz would be sent to the
circuit at low temperature with an amplitude of (63.2 mV or -
20.0 dBm or smaller) and recovered at the output port at the
top of probe.
Then the output signal would be amplified, mixed with a
smaller frequency and then filtered out twice to get a low
enough frequency that can be digitized by a computer card.
After going through the steps of amplifying, mixing and
filtering the signal will have a clean sinusoidal waveform that
can be easily treated mathematically. The final data file
would include the magnetic field in units of tesla along with
the waveform in units of volts. Simple LabVIEW software
can be built to calculate the amplitude and frequency of the
waveform as a function of magnetic field [15].
The procedure of processing the output rf signal by
amplifying, mixing and filtering and the use of the LabVIEW
software is well established for the TDO and PDO setup.
With the current circuit design only one stage of amplifying,
mixing and filtering would be enough since the output signal
in this design would be so clean and has less noise due to the
self-filtering nature of the circuit.

5. RESULTS AND DISCUSSIONS (SIMULATION):

To demonstrate the potential application of the new circuit
design we use a presumed conductive sample with a
cylindrical shape that shows SdH effect as in Fig.5a. The
presumed quantum oscillations in resistivity are simulated to
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be in the same order and shape (~107° Q.m) observed in
high temperature superconductors (HTS) and other similar
systems [19, 20]. Performing a simple simulation using a
computational software program (Mathematic), the new
proposed circuit described in the previous sections with the
same suggested values for the circuit’s elements and for the
sample’s geometry and conductivity we found the following.

Firstly, the operating frequency (f) that is sent to the circuit

must be in a region in the spectrum (H vsf) where the
response is linear over a short range of frequency. Choosing a
region with a linear response is important to get the correct
shape of the original quantum oscillations without any
deformation. For example, using an operating frequency (f)
equals to the resonance frequency will not be useful due the
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operating frequency (f) must be in a region in the spectrum
where (dH/df) is as large as possible to get the highest
possible sensitivity. Such regions can be seen clearly in
Fig.5-b for frequencies larger and smaller than the resonance
frequency where the amplitude of detected oscillations is
larger as the magnetic field is increased. The insets ¢) and d)
in Fig.5 show the magnitude of the response function
(proportional to quantum oscillations) at the output of the
circuit for chosen frequencies less and larger than the
resonance frequency (f, = 309.65 MHz) respectively. For
values less than (fy) in Fig.5-c we can see the amplitude of
oscillations is largest at f =309.50 MHz and as the
frequency is decreased away from the resonance frequency
the amplitude is decreasing as for f = 308.00 MHz.

non-linearity in the spectrum (H vs f). Secondly, the
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Fig.5: a) A simulation of quantum oscillations in resistivity for (HTS) or similar materials. b) The band pass circuit response function
H as a function of magnetic field and frequency when a conductive sample showing the SdH effect due to the application of magnetic
field. d) and c) the quantum oscillations in the response function magnitude as a function of magnetic field for frequencies less and
higher than the resonance frequency respectively.

On the other side of the spectrum for f > f;, as in Fig.5-d,
we can see the same behavior where the oscillations
amplitude is largest at f = 309.80 MHz and is decreasing
until it becomes very small at f = 311.00 MHz. However,
the oscillations are out of phase in both sides (as for f =
309.50 MHz and 309.80MHz ). In order to get the correct
physical behavior of resistivity (as in Fig.5-a) without any
kind of mathematical manipulation one must chose the
operating frequency to be less than the resonance frequency.

6. CONCLUSION:

For this new method, we can conclude the following: the new
modification for the passive band pass circuitry enables the
circuit to serve as a probe for measuring conductivity in high
magnetic fields. When compared with other methods, the new
method has high enough sensitivity to detect quantum
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oscillations (SdH effect) in dc and in pulse magnetic fields.
The new method can eliminate noise better than previous
designs since the used circuit allows the operating frequency
only to pass. More important, the new method is better than
the previous transmission method because the amplitude of
the frequency used is much larger than noise floor and
introduces less heating for the sample. The new circuit design
is more user friendly method when compared to other
methods and can provide absolute values for physical
quantities with less mathematical manipulation.
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