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ABSTRACT This paper describes the properties and potential applications of a hybrid device consisting
of a varistor diode and its embedded transistor whose origin lies in a magnetically tuned varistor diode. It
is shown how the output current (or voltage) of a varistor based on a magnetic oxide semiconductor can
be manipulated by the application of a magnetic field to produce an embedded device with characteristics
similar to that of a conventional transistor. Following the tradition of microelectronics, we name it
the HFET transistor where H stands for a magnetic field. Two types of embedded HFET devices are
described here; one with the current–voltage (I–V) characteristics and the other with voltage–current (V–I)
characteristics. Both I–V and V–I devices exhibit high degree of nonlinearly but only in the V–I mode of
the HFET device well-developed saturation regions of output signals are found. The room temperature
HFET in its V–I mode appears to be also a good electronic switch with well-defined “off” and “on”
states. Saturated regions of output signals and electronic switching are the signature property of these
HFET transistors along with the capacity of providing a good level of signal amplification. When cooled
to 100 K the HFET V-I device appears to lose partially the electronic switching property but gain in
signal amplifying potential. The HFET device in I–V mode does not display the defining properties of
electronic switching but can amplify signals by almost 400%.

INDEX TERMS Varistors, transistors, HFET, MAGFET, spin transistors.

I. INTRODUCTION
The subject of this paper is a magnetically induced dual
purpose hybrid device which can be processed on a single
substrate and can be used either as a magnetically tuned
varistor or as a magnetically induced transistor. Two types
of hybrid devices are discussed. The first device evolves
when the current-voltage (I-V) characteristics of a varistor
is magnetically tuned; and the second when the voltage-
current (V-I) characteristics of the IH varistor is manipulated
by applying magnetic fields at room temperature and then at
100K. In each of these three cases the resulting devices serve
as magnetically tuned varistors with the acquired property
of signal amplification. Once the contributions of magnetic
field is separated from the output current (or, voltage) of
the varistor we come upon an embedded device with typ-
ical characteristics of a transistor. We therefore label this

device as HFET which stands for magnetically tuned field
effect transistor in analogy to the well-established field
effect transistor with the acronym of FET. The difference
between a FET and an HFET is that in a FET the field
is the electric field while in an HFET the field is mag-
netic with the symbol of H. We believe our device may
be considered as a new addition to the field of magnetic
transistors.
The history of magnetic transistors is long and interesting.

It was in 1959 that the MOS transistor (metal-oxide semi-
conductor transistor) was discovered in Bell Labs [1]. The
device achieved almost instant success as a field-effect ampli-
fier. The race for a magnetic transistor began and the first
successful device was discovered in 1966 at Westinghouse
Electric Corporation [2]. Using a silicon sample the inven-
tors showed the dependence of Hall voltage both on drain
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current and gate voltage. The device also exhibited transistor
like I-V curves that was dependent upon gate voltages. It was
the first magnetic field-effect transistor based on the MOS
configuration. Unfortunately the magnetic transistor never
got the importance and name recognition that of a semi-
conductor transistor. Since the device was slow and did not
solve any of the pressing needs of telephone technology at
the time it was soon abandoned. However, the quest for an
efficient magnetic transistor continued. Then in 1971 a split-
drain MOS structure was invented that could successfully
measure the differential Hall voltages [3]. The device came
to be known as MAGFET which stands for magnetic field
effect transistor.
It would take another twenty years between the discovery

of MAGFET and the emergence of a new class of magnetic
transistors. In 1990 the first spintronic transistor was reported
which is also known as spin-mediated transistor. This
spintronic device bears resemblance to conventional semi-
conductor transistors. It is based on a configuration similar to
that of a typical MOSFET(metal-oxide-semiconductor field-
effect-transistor) [4]. The current modulation is achieved by
the mechanism of spin precession arising from the spin-orbit
coupling in a substrate of indium gallium arsenide (InGaAs)
which is a narrow bandgap semiconductor. Instead of a gate
oxide a layer of indium aluminum arsenide (InAlAs) is
integrated with the InGaAs substrate. For metallic contacts
ferromagnetic iron, which acts as the reservoir for magnetic
spins (± 1

2 ≈↑ or ↓ polarized states), is used as source (S)
and drain (D) while the gate (G) contact is a Schottky
contact.
Soon after the discovery of spin-mediated transistor

another spintronic device was reported in 1995 which is
based on the spin-valve effect that can be monitored in the
multilayers of giant magnetoresistive materials. This device
uses a configuration similar to that commonly used in a bipo-
lar junction transistor (BJT). The transmission characteristics
of the spin-dependent transport exhibit well defined sat-
uration regions similar to the current (I) and voltage (V)
characteristics of a conventional transistor [5].
The distinction between our HFET and other magnetic

transistors is subtle; the most important being that the
HFETs are based on very simple platforms and equally
simple physics whereas the typical magnetic transistors
described above are based on highly sophisticated physics
and produced on configurations that are not trivial to
produce.

II. SUBSTRATE MATERIAL AND ITS PROCESSING
A. CHEMICAL AND PHYSICAL NATURE OF SUBSTRATE
MATERIAL
Varistors built on IHC 45 ceramic substrates are the basis for
producing magnetically induced hybrid devices. IHC 45 is
the combination of 55 atomic % ilmenite (FeTiO3) and
45 atomic % hematite (Fe2O3). Polycrystalline IHC45 was
chosen as the substrate material because of its interesting

semiconducting and magnetic properties. It is an impor-
tant member of the iron titanate oxide semiconductor group
which was discovered around 1957 [6], [7]. Depending upon
the concentration of hematite (x) in ilmenite the mem-
bers of the solid solution series can be either of n-type or
p-type, and magnetic or nonmagnetic. The transition between
n-type and p-type occurs around when x≈ 0.2. Some of
its physical properties relevant to our interest are given
in Table 1.

TABLE 1. Selected physical properties of IHC45.

Because of its relatively high magnetic Curie temperature,
wide bandgap, and excellent hardness to radiation IHC45 is
found to be an attractive substrate material for high tem-
perature magnetic and electronic applications. The devices
built on IHC 45 substrate could also be of interest to space
electronics, and defense electronics.

B. CERAMIC PROCESSING AND SURFACE
CHARACTERIZATIONS OF IHC45
High density bulk ceramic samples were processed using
the standard steps of ball milling, sintering, pressing at
high pressures, and finally annealing at high temperatures
in air [8]. The quality, crystal structure, surface integrity
and over all integrity of the ceramic samples produced
were ascertained by subjecting them to a number of anal-
yses commonly done in the field of materials science.
These experiments included x-ray diffraction (XRD), scan-
ning electron microscopy (SEM) and energy dispersive
x-ray analysis (EDAX). The results confirmed their high
quality.
Initially the resistance of the as-processed ceramic sample

was high and not suitable for noiseless I-V measurements.
After extensive annealing in argon and partial vacuum the
resistance decreased and was now in the range of 3-5 k�,
making the sample acceptable for electrical measurements.
Originally the IHC45 ceramic samples were found to be of
n-type polarity but after being annealed in flowing argon at
about 1100 ◦C for number of hours the polarity switched
to p-type. It is not unusual that in ceramic oxide semicon-
ductors polarity can switch from n-type to p-type and vice
versa after extensive annealing at high temperatures in the
presence of specialized atmospheres. Annealing can induce
minor changes in sample’s chemical composition leading to
polarity switching. Annealing also affects such fundamental
properties as donor density, density of states, and barrier
heights [9], [10].
Annealing is a very important step that must be care-

fully executed in ceramic processing because it enhances
the homogeneity of samples while simultaneously allowing
grains (G) to grow bigger in size and grain boundaries (GB)
to develop fully. In a ceramic sample, grain boundaries
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are sandwiched between two neighboring grains forming a
G-GB-G structure through which the current transport must
proceed uninterrupted. The internal configuration of a varis-
tor consists of a large number of G-GB-G structures. It is
obvious that for a superior performance of a varistor diode
the G-GB-G structures must be well developed with as few
defects as possible.

III. MAGNETIC TUNING OF I-V CHARACTERISTICS OF AN
IHC45 VARISTOR
A. SAMPLE PREPARATION
Samples for studying the current-voltage (I-V) characteris-
tics of IHC45 were cut as small square pieces having the
dimensions of approximately 4 mm x 4 mm x 1.5 mm.
They were polished to a high shine and then examined
under an optical microscope to assure that they were free of
any micro cracks and other surface defects. Two dot con-
tacts using a conductive silver epoxy were affixed 1 mm
apart on the upper polished surface and allowed to air
dry. Then they were annealed at approximately 250 ◦C
for 30-45 minutes. This allowed the silver contacts to
bind strongly with the substrates and organic epoxy to
burn off.

B. EXPERIMENTAL SET UP FOR DATA COLLECTION
The experimental set up of Figure 1 was used for magnetic
tuning of the varistor [11]. It is similar to the configura-
tion of the Hall effect experiment which is universally used
for determining the mobility and carrier concentration of
a semiconductor material. The samples were mounted on
the test fixture of a precision semiconductor parametric ana-
lyzer (HP-4145 B, Hewlett Packard Company, Palo Alto,
CA) using fine silver wires.

FIGURE 1. Experimental setup for determining the varistor response to an
applied magnetic field, H. The H-field is perpendicular to the electric
current, I, between source (S) and drain (D) [11].

The test fixture was covered during data collection to
keep the sample in dark in order to avoid generation
of photocurrents and any other interference from light
source that could possibly corrupt the actual data pro-
duced by the varistor. Silver was chosen as a contact metal
because it has been found to produce depletion regions
at the interface of IHC 45 leading to the formation of a

potential barrier that enables the current to be rectifying in
nature [12].
The samples were oriented such that the current (I) flowing

from D (drain) to S (source) contacts was perpendicular to
the applied magnetic field (H). The H-field was varied grad-
ually in steps of 500 G for the range of 0<H<4500G. After
allowing the system to come to an equilibrium the data were
collected. The difference between our experiment and the
Hall effect experiment is subtle. We monitor the change in
current induced by the application of a magnetic field instead
of monitoring the Hall voltage that develops along a direc-
tion which is perpendicular simultaneously to the directions
of the current (I) and magnetic field (H), respectively.
The first I-V plot that was generated with H = 0 G is the

intrinsic characteristics of the varistor. The drain voltage, Vd,
was swept for the range of ±5V in steps of approximately
80 mV which produced a large set of data points that could be
used for analysis to reach a reliable conclusion. Subsequent
to that the sample was exposed to magnetic fields to record
the field modified drain current. For the V-I experiments
also current was applied in small steps between the source
and drain and the resulting voltage monitored. Three sets of
experiments were done: (1) to determine the magnetic field
dependence of the I-V characteristics of the varistor at room
temperature; (2) to determine the magnetic field induced
changes in the V-I characteristics of the device also at room
temperature; and (3) reparation of the second experiments
while cooling the sample to 100K.

IV. RESULTS AND DISCUSSION
A. EXPERIMENT 1: MAGNETIC FIELD DEPENDENCE OF
I-V CHARACTERISTICS OF AN IHC45 VARISTOR AT ROOM
TEMPERATURE
The current-voltage characteristics of the varistor as a func-
tion of magnetic field, H, are plotted Figure 2. The current
increases conspicuously as soon as a magnetic field of 500 G
is applied. Subsequent to that the increase in current takes
place in smaller units so that the individual I-V plots begin
to cluster making it difficult to distinguish them from each
other. Therefore, for clarity we show only four I-V plots
corresponding to H = 0, 500, 2500 and 4500 G.
We see from this figure that the shape and nonlinear-

ity of the plots remain basically unaltered by the magnetic
field. In Figure 3 we show the magnetic field dependence
of the output current with constant drain voltage kept at
Vd = +5 V. The current changes by merely 2.4 mA for the
magnetic field difference, �H = 3500 G which amounts to
an average increase of 0.7 μA · G−1. It is easy to visualize
why the separation between the subsequent I-V plots keep
on diminishing with increasing magnetic field in Figure 2.
The I-V characteristic at H=0 obeys a power law given

by I ∝ Vα where α is the nonlinear coefficient (NLC) of the
varistor diode. It is also the measure of the figure-of-merit
of the device. Larger values of the NLC lead to the better
performance of the varistor. The value of NLC (α) is found
to be 2.77 at H = 0 which reduces to 2.63 at H = 4500 G
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FIGURE 2. Magnetic field dependence of current-voltage characteristics of
an IHC 45 varistor at room temperature.

FIGURE 3. Magnetic field dependence of the varistor output current with
constant drain voltage at + 5V for an IHC 45 varistor.

amounting to a reduction of just under 5%. This small loss
in varistor’s efficiency suggest that the device should per-
form satisfactorily as a varistor even in the presence of
a magnetic field for circuit protection which is its traditional
application.
When the varistor’s I-V characteristics are plotted as resis-

tance vs. voltage (R-V), the device gets the name of VDR
which stands for voltage dependent resistor. VDR devices
also have many applications in electronics. Recently it has
been established that VDRs based on iron titanate sub-
strates can perform satisfactorily as a magnetic field sensor
in the range of 0<H<4500 G [13], [14]. Like its counter-
part, a VDR device also obeys a power law which is given
by R ∝ V−β . The NLC of varistor and VDR are obviously
related and they satisfy the relationship: β = (1 − α).

Because of the magneto-resistive property of materials the
varistor resistance would either increase or decrease accord-
ing to the polarity of the magnetic field applied. This would
naturally reflect in the respective values of the output cur-
rents (Id) for H>0. The contributions to drain current (Id)
made by the applied magnetic field can be computed using
equation (1).

Id (T) = Id ± I0 (1)

where, I0 is the initial unbiased current and Id(T) the
magnetically contributed component to the drain current.
Alternatively, according to the convention followed in

practice equation (1) can be rewritten as a set of two
dependent equations.

+Id (T) = Id − I0 when Id > I0 (2a)

−Id (T) = I0 − Id when I0 > Id (2b)

The two output currents, Id, with H>0 and I0 with
H=0 are experimentally determined whereas Id(T) must be
extracted from Id using equations 2(a) and 2(b). The result-
ing Id(T)-V characteristics for the HFET transistor in its I-V
mode have been plotted in Figure 4 for H= 500, 1500, 2500
and 4500 G.

FIGURE 4. Current-voltage plots as a function of varying magnetic fields of
an IHC45 HFET transistor at room temperature.

The transistor I-V characteristics are well developed and
the output current increases with respect to the increasing
magnetic field. The transistor output current appears to be
about 30 % of the varistor current. This suggests that the
contribution of the magnetic field to the varistor current is
substantial and most of it happens up to H=1000G above
which it is rather small because of the sample approaching
saturation.
For both the varistor and its embedded transistor, we can

determine the signal amplification and magnetic conduction
coefficient (MCC) which is analogous to transconductance
(also called mutual conductance) for a conventional transis-
tor. Signal amplification and transconductance are the two
signature properties of a transistor. Our results indicate that
not only the embedded HFET rather also the magnetically
tuned varistor acquires these properties which expand its
range of applications. We define signal amplification (Sa) and
MCC, μ(H) with the help of equations 3 and 4, respectively.

Sa =
[ {Id (T)at maxH}

{Id (T)at minH} x100
]
with Vd constant (3)

µ(H) = Id (T) · V−1
d

H
≈ G (T)

H
≈ �G (T)

�H
(4)

We can also find the current detectivity (I∗) of the device
by defining it as �Id(T)

�H while keeping the drain voltage,
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Vd, constant. These parameters are tabulated in Table 2 along
with the potential applications for the magnetically tuned
varistor and its embedded transistor.

TABLE 2. Properties of magnetically tuned varistor in I-V mode and its

embedded transistor; MCC stands for magnetic conductance coefficient,

μ(H).

The two parameters, I∗ and μ(H), can be considered as
important parameters of the HFET transistor just as the
current amplification and transconductance are the defin-
ing properties of conventional semiconductor transistors. In
spite of the fact that the I-V characteristics of the HFET
transistor does not display saturated regions we can make
use of this device as a current detector and signal amplifier.

B. EXPERIMENT 2: MAGNETIC FIELD DEPENDENCE OF
V-I CHARACTERISTICS OF AN IHC 45 VARISTOR AT ROOM
TEMPERATURE
For this experiment a current was injected between the S and
D contacts and the resulting voltage monitored while varying
the H-field. This yields the varistor V-I characteristics as seen
from Figure 5. The individual plots are almost impossible to
distinguish from each other because the output voltage, Vd,
changes by merely 58 mV for 0<H<-4000 G and as such
it simply remains buried in the scale used. However, the
picture changes drastically after the magnetic field induced
changes in the output voltage are determined.
In Figure 5 the individual V-I plots display pronounced

nonlinearity similar to the nonlinearity found for the corre-
sponding I-V plots (Figure 2). The V-I plots follow a power
law described by V ∝ Iγ where γ is the NLC of the V-I varis-
tor. Its value is 0.53 when H=0 and it reduces to 0.49 when
H= -4000 Oe. This is a change of about 7% indicating that
magnetic fields do not affect the varistor diode to hinder its
capacity to be used for protecting electronic components and
circuits from abrupt current fluctuations. Normally the V-I
mode of a varistor is used for avoiding damage to a circuit
and its components because of fluctuations in the supply
current.
In order to determine the contributions of the applied

magnetic fields to the output voltage, Vd, we can take the
same approach as we did for the case of the HFET in its
I-V mode (see equations 2(a) and 2(b). Let us assume that
each Vd corresponding to H>0 consists of two components;
one being the initial signal, V0 with H =0 and the other

FIGURE 5. Voltage vs. current plots of IHC 45 varistor with varying
magnetic fields at room temperature.

FIGURE 6. Voltage - current plots with varying magnetic fields of an
IHC45 HFET transistor at room temperature.

Vd(T) with H>0. For evaluation of the hidden signal Vd(T)
we make use of Equation (5) which states that:

Vd (T) = Vd ± V0 (5)

The polarity of Vd(T) will depend upon whether Vd is greater
or smaller than V0. This leads us to the two components of
equation (5).

+Vd (T) = (Vd − V0) when Vd > V0 (6a)

−Vd (T) = (V0 − Vd) when Vd < V0 (6b)

The Vd(T)-I characteristics for the embedded device are
plotted in Figure 6. It should be noted that the magnetic
contributions, that is Vd(T), are in mV range which is three
orders of magnitude smaller than that of varistor output, Vd.
Here the individual plots are easily distinguishable with
a good level of separation between each other.
Contrary to the HFET device in its I-V mode (see Figure 4)

here each individual V-I curve attains saturation in both the
forward and reverse mode of the device. The transition of
each plot from the negative current side to the positive cur-
rent side passes smoothly through the origin. Initially the
output voltage increases linearly with increasing current and
then begins to reach saturation above the switching current
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TABLE 3. Properties and potential applications of magnetically embedded HFET transistors; MRC stands for magnetic resistance coefficient. Its symbol

is η(H).

of 4.6 mA. Simply by biasing the device with 4.6 mA the
HFET transistor can be used as an “off” and “on” switch. The
saturated characteristics of the output signal and the feature
of electronic switching are the two important attributes that
make the HFET transistor in its V-I mode a good candidate
for being recognized in the family of magnetic transistors.
Furthermore we find that the device is also capable of pro-
viding a good level of amplification of the output signal.
It can be as high as 380%. However, if the same device is
subjected to positive magnetic fields the signal amplification
can reach as high as 1260%.
The signal amplification (Sa) and transresistance coef-

ficient (MRC) for this device were evaluated by slightly
modifying equations (3) and (4), respectively. The voltage

detectivity (V*) was found by determining the ratio �Vd(T)
�H

while keeping the drain current, Id, constant. In Table 3 the
typical device parameters and potential applications for this
HFET is summarized. This table also includes these param-
eters for the magnetically induced HFET transistor tuned
by +H-fields though we have not shown the actual plots
here. No qualitative difference could be found distinguish-
ing the HFET characteristics whether the modifying agent is
a +H-field or −H –field. The V-I plots display similar traits.

C. EXPERIMENT 3: MAGNETIC FIELD DEPENDENCE OF
V-I CHARACTERISTICS OF AN IHC 45 VARISTOR AT 100K
The device, when cooled to 100K, shows a robust response
to applied magnetic fields as can be seen from Figure 7.
It is well known that the magnetic moment of a ferromag-
netic material increases at low temperatures. At the same
time the resistance of a semiconductor material also increases
exponentially when cooled. IHC45 being simultaneously

FIGURE 7. Voltage - current plots with varying magnetic fields of an
IHC45 HFET at 100 K.

a ferromagnetic and a semiconductor material would obvi-
ously exhibit the effect of low temperatures in its magnetic
and electronic properties. Therefore we can identify some
interesting features of Figure 7. First the current applied for
the device at 100 K is in μA range which is about three
orders of magnitude smaller than the currents applied for
the same device at room temperature. Yet the voltage output
is of the same order as for the room temperature device,
both being in mV range. Secondly, each plot is bipolar with
well-developed nonlinearity and saturated regions. Thirdly
the signal amplification is impressive; it is greater by many-
folds than what it is at room temperature. As indicated in
the figure the switching current for this device appears to be
approximately 0.5 μA. Values for relevant parameters along
with potential applications for this low temperature device
are also included in Table 3. All these devices also appear
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to be good voltage detectors because of their sensitivity
equivalent to 46.5<V*<102 μV per Gauss.

V. CONCLUSION
The paper outlines the fabrication, properties and poten-
tial applications of magnetic field effect transistor (HFET)
devices which are produced under three experimental condi-
tions: (a) first, by subjecting the current-voltage characteris-
tics of a varistor diode to varying magnetic fields (HFET in
I-V mode); (b) second, by studying the effect of applied mag-
netic fields on the voltage-current characteristics of the same
varistor diode (HFET in V-I mode); and (c) thirdly, repeating
the same experiments by cooling the varistor sample to 100 K
(low temperature HFET in V-I mode). Experimentally deter-
mined values of various parameters along with the potential
applications of the HFET transistors have been summarized
in Tables 2 and 3. The device when cooled to 100 K becomes
an excellent signal amplifier whereas the room temperature
HFET transistor is endowed with other excellent transis-
tor properties. The HFET is a very simple device which is
embedded in a varistor diode and is based on the concept of
easy to produce with good reliability and precision. Its fun-
damental mechanism is based on simple physics. In contrast
the other two magnetic transistors are highly sophisticated
devices; one being the spin mediated device and the other
based on the principles of magnetic valve. Their platforms
require sophisticated level of skill to produce and operate. In
contrast to conventional semiconductor transistors the HFET
devices are built on ceramic substrates for which the process-
ing is straight forward and simple and can be produced in
large volumes rather inexpensively. We presume that because
of the materials properties inherent to the IHC45 magnetic
oxide semiconductor the HFET devices should perform well
also under hazardous conditions such as at high tempera-
ture and radiation dominant environments. Being based on
ceramic substrates they are expected to be rugged and capa-
ble of withstanding abuses commonly encountered under
field conditions.

ACKNOWLEDGMENT
Special thanks of authors go to Dr. P. Padmini (deceased),
Dr. Jian Dou, both of the University of Alabama at
Tuscaloosa, AL; and to their former students
Mr. Ivan Sutanto and Ms. Amanda A. Scantlin of
Ingram School of Engineering at Texas State University at
San Marcos, TX for sharing their data with them.

REFERENCES
[1] K. Dawson, “Electric field controlled semiconductor device,”

U.S. Patent 3 102 230, Aug. 27, 1963.
[2] R. C. Gallagher and W. S. Corak, “A metal-oxide-

semiconductor (MOS) Hall element,” Solid State Electron., vol. 9,
no. 5, pp. 571–580, 1966.

[3] G. R. M. Rao and W. N. Carr, “Magnetic sensitivity of a MAGFET
of uniform channel current density,” Solid State Electron., vol. 14,
no. 10, pp. 995–1001, 1971.

[4] S. Datta and B. Das, “Electronic analog of the electro-optic modu-
lator,” Appl. Phys. Lett., vol. 56, no. 7, pp. 665–667, 1990. [Online].
Available: http://dx.doi.org/10.1063/1.102730

[5] D. J. Monsma, J. C. Lodder, T. J. Popma, and B. Dieny, “Perpendicular
hot electron spin-valve effect in a new magnetic field sensor: The spin-
valve transistor,” Phys. Rev. Lett., vol. 74, no. 26, pp. 5260–5263,
1995.

[6] Y. Ishikawa, “Magnetic properties of the FeTiO3-Fe2O3 solid solution
series,” J. Phys. Soc. Jpn., vol. 12, no. 10, pp. 1083–1098, 1957.

[7] Y. Ishikawa, “Electrical properties of FeTiO3-FeeO3 solid solution
series,” J. Phys. Soc. Jpn., vol. 13, no. 1, pp. 37–42, 1958.

[8] L. Navarrete et al., “Magnetization and curie temperature of
ilmenite-hematite ceramics,” J. Amer. Ceram. Soc., vol. 89, no. 5,
pp. 1601–1604, 2006.

[9] M. R. Cássia-Santos et al., “Recent research developments in SnO2-
based varistors,” Mater. Chem. Phys., vol. 90, no. 1, pp. 1–9, 2005.

[10] C.-W. Nahm, “Electrical properties and dielectric characteristics CCT-
doped Zn/Pr-based varistor with sintering temperature,” Trans. Elect.
Electron. Mater. vol. 10, no. 3, pp. 80–84, 2009.

[11] R. K. Pandey, W. A. Stapleton, P. Padmini, J. Dou, and R. Schad,
“Magnetically tuned varistor-transistor hybrid device,” AIP Adv.,
vol. 2, no. 4, pp. 1–8, 2012, doi: 10.1063/1.4773328.

[12] C. Lohn et al., “IV and CV characteristics of multifunctional ilmenite-
hematite 0.67FeTiO3–0.33Fe2O3,” in Functionalized Nanoscale
Materials, Devices and Systems (NATO Science for Peace and Security
Series B: Physics and Biophysics). Dordrecht, The Netherlands:
Springer, 2008, pp. 419–424.

[13] R. K. Pandey, W. A. Stapleton, and I. Sutanto, “Voltage biased mag-
netic sensors based on IHC 45 VDRs,” in Proc. Process. Properties
Adv. Ceramics Composites VII, vol. 252. 2015, pp. 115–130.

[14] R. K. Pandey, W. A. Stapleton, I. Sutanto, and M. Shamsuzzoha,
“Voltage-biased magnetic sensors based on tuned varistors,”
J. Electron. Mater., vol. 44, no. 4, pp. 1100–1109, 2015,
doi: 10.1007/s1664-015-3632-9.

RAGHVENDRA K. PANDEY is an Ingram
Professor of Electrical Engineering with the
Ingram School of Engineering, Texas State
University, San Marcos, TX, USA. He has been
in academia for over 40 years. Before joining the
faculty at Texas State University, in 2008, he was
with the University of Alabama, Tuscaloosa, AL,
USA, from 1997 to 2007. He was with Texas
A&M University, for 20 years. He has published
extensively in national and international scientific
journals, holds ten U.S. patents, and presented

invited lectures and seminars. He has made valuable contributions in the
fields of electronic materials, ferroelectricity, magnetism, high temperature
superconductors, and MEMS. For the past five years he has been research-
ing mainly in electroceramic materials and devices. He was a recipient of
many honors and multiple teaching and research awards. He is a fellow of
the American Ceramic Society.

WILLIAM A. STAPLETON received the Ph.D.
degree in electrical engineering from the
University of Alabama, in 1997. He is currently an
Associate Professor of Electrical Engineering with
Texas State University, San Marcos, TX, USA. His
formal specializations encompass analog and dig-
ital electronics, computer architecture, distributed
computing, and embedded computing. His avoca-
tions also include electric vehicles and solar energy
applications. He is a member of the IEEE society.

RAINER SCHAD received the M.Sc. and Ph.D.
degrees in physics from Leibniz University,
Hannover, Germany, in 1987 and 1991, respec-
tively. In 1992, he joined the Solid State Physics
Group, Catholic University of Louvain, Belgium,
as a Post-Doctoral Fellow. From 1995 to 1998,
he was a Post-Doctoral Fellow with the Catholic
University of Nijmegen, The Netherlands. In
1998, he joined the Department of Physics and
Astronomy, University of Alabama, Tuscaloosa,
USA, as an Assistant Professor. He currently holds

the rank of Professor. He specializes in structural, electric, and magnetic
properties of thin films.

VOLUME 4, NO. 6, NOVEMBER 2016 479



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


