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1. Introduction

High temperature superconductors (HTS) have a wide range of very sensitive and reliable
advanced technological applications. In this chapter, some examples of contemporary and
prospective usage of the superconductors such as in vivo living body measurements in
medicine, terahertz equipments for security systems, quantum bit namely “qubit” applications
in quantum computation and bolometers for some space investigations will be dealt with.
Especially in medicine, superconductors have been reliably utilized in Magnetic Resonance
Imaging (MRI), Magnetic Resonance Spectroscopy (MRS), magnetoencephalography (MEG)
and magnetocardiography (MCG) for both analysis of magnetic activity of different regions
of the human body such as brain and heart’s wave activities and very early diagnosis of
several diseases. All equipments mentioned above contain Superconducting Quantum
Interference Device (SQUID), which is based on the Josephson Effect. SQUID is a very
sensitive magnetic detector to determine the change of the magnetic flux in material media
of the order of 10-15 Tm?, which coincides with the order of magnetic flux quanta, ®, =
2.0678x10715 Tm?. The sensitivity of SQUID is revealed easily by remembering the fact that
the magnetic field of the Earth equals to 5x10-5 Tesla.

Besides these contemporary applications in medicine mentioned above, the Proton-MRS (P-
MRS) measurements will be proposed for forensic science investigations as one of the
prospective implementations of HTS's. Because of the fact that some in vivo investigations
via P-MRS provide the facility to detect the minor changes of metabolites in human brain
(Onbasl: et al., 1999), the method, which enables to detect the mild head injuries, which
cannot be recognized according to Glasgow Coma Scale (GCS) (Teasdale & Jennett, 1974)
from the neurological point of view, will be presented in this chapter.

Moreover, one of the remarkable features of HTS is that some oxide layered HTS work as a
terahertz wave source. From this point of view, HTS's are also utilized in security systems,
in remote sensing and non-destructive diagnosis. As was previously determined that the
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16 Applications of High-Tc Superconductivity

mercury based copper oxide layered HTS (mercury cuprates) act as a natural terahertz wave
cavity at particular temperature interval (Ozdemir et al., 2006; Giiven Ozdemir et al., 2009).
Hence, some part of the chapter will be related to the investigation of the terahertz emission
of the superconductor mentioned.

The last part of the chapter will be related to the facility of prospective application of the
mercury cuprates as a quantum bit, “qubit” in particular flux qubit (Giiven Ozdemir,
2011), which is based on the occurrence of the two fluxoid states with equal energy but
opposite circulating current at the same time in the system (Mooij et al., 1999). As is
known, qubits are fundamentally considered as the main building block of both quantum
computation, quantum communication etc. In recent years, quantum computers, which
are based on qubit operations, have an increasing attention due to their both high speed
and memory capacity. In the present superconducting qubit technology, some low
temperature superconductors especially aluminum thin film superconductors have been
extensively utilized. In this context, for a prospective usage of HTS, mercury cuprates as
one of the oxide layered high temperature superconductors will be proposed as an
intrinsic flux qubit in this chapter.

2. Clinical usage of Superconducting Quantum Interference Device (SQUID)

The superconducting magnets in ultra sensitive magnetic detectors (1.5 Tesla and above)
namely SQUID magnetometer (Superconducting Quantum Interference Device) implement
the reliable observation of the metabolites in the living organisms for the clinical
applications.
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Fig. 1. Magnitudes of some biomagnetic fields (Fishbine, 2003).
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Some Contemporary and Prospective Applications of High Temperature Superconductors 17

As is known, the functions of human body are realized by the displacement of ions such as
Na*, K*, CI- etc. The displacement of the ions corresponds to a current which produces a
magnetic field. In Figure 1, the magnitudes of biomagnetic fields together with the other
magnetic field sources are given.

According to Figure 1, especially biomagnetic fields produced by neuron cells” activities are
very weak. They have magnetic field strengths of {fT (femtoTesla i.e. 10-15T). For comparison,
the Earth’s magnetic field is measured in micro Tesla and a magnetic resonance imaging
system operates at several Tesla. The detection of such very small magnetic fields reliably is
realized by the most sensitive magnetic field detector known as Superconducting Quantum
Interference Device, namely SQUID.

A SQUID uses the properties of electron-pair wave coherence and Josephson Effect to
detect very small magnetic fields. For example, to measure the magnetic field, that is
produced by the electrical activity in brain, a special non-invasive imaging technique
namely Magnetoencephalography (MEG), which contains SQUID sensors, are used
(Fishbine, 2003).

In Figure 2, the representative illustration of detection of physical activities in human brain
by MEG is given. The accuracy of measuring brain waves by MEG depends on the magnetic
shielding of SQUID sensors from ambient magnetic fields such as the magnetic field of the
Earth, power line’s magnetic field and etc.

- (a)

HEG meaturement region

SQUID semaor

{b)

Magnetic fleld line

Fig. 2. Representative illustration of detection of physical activities in human brain by MEG
(Fishbine, 2003).
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18 Applications of High-Tc Superconductivity

As it is seen from Figure 2, SQUID sensors and the superconducting lead shell are cooled by
immersion in liquid helium. In the superconducting state, lead shell expels ambient
magnetic fields at all frequencies and hence it is ensured that SQUID sensor is only detect
the magnetic field generated by brain waves. Each SQUID sensor contains a coil of
superconducting wire that receives the brain fields and is magnetically coupled to the
SQUID, which produces a voltage proportional to the magnetic field received by the coil. A
computer program converts the SQUID data into maps of the currents flowing throughout
the brain as a function of time (Fishbine, 2003).

2.1 Proton Magnetic Resonance Imaging (P-MRI) for medical diagnosis

Approximately 80% of human body is composed of water molecules and each water
molecule consists of two hydrogen nuclei i.e. protons. In P-MRI measurements, the nuclear
spins of hydrogen nuclei are aligned in one direction by applying strong magnetic fields of
1.5-3T that are generated by superconducting magnets. Afterwards, the polarized spins in
one direction are excited by properly tuned radio frequency radiation. When the influence
of short pulse of radio waves is removed, they drift back to their initial position, thereby
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Fig. 3. (a) The working principle of P-MRI (Bayer, 2010). (b) The schema of superconducting
magnets (National High Magnetic Field Laboratory, FSU, 2010).

www.intechopen.com



Some Contemporary and Prospective Applications of High Temperature Superconductors 19

emitting electromagnetic signals that can be used to reconstruct an image of the inside of the
body. The protons in different tissues of the body (e.g. fat, muscle and etc.) realign at
different speeds, so that the different structures of the body can be revealed (Georgia State
University, 2010; Wikipedia, 2010; Bayer, 2010). The main steps of P-MRI are given in Figure
3(a).

The MRI technique has been extensively used for especially imaging the brain, heart,
muscles and joints, for early diagnosis of cancer cells.

Superconducting magnets have a crucial role in P-MRI measurements. A superconducting
magnet is an electromagnet made from coils of superconducting wire. Superconducting
magnets can produce stronger and homogeneous magnetic fields than iron-core magnets.
The most remarkable feature of the superconducting magnets is their capability of
supporting very high current density with a vanishingly small resistance.

In conventional MRI devices, low temperature type II superconductors such as NbTi alloy
are used to make coil windings for superconducting magnets. The illustration of typical
superconducting magnet is shown in Figure 3(b).

Although, superconducting magnets are relatively more expensive to be build than ordinary
iron-core magnets and require a constant supply of liquid helium closed cycle system,
superconducting magnets have great advantages to detect very weak signals come from
different sections of brain. If an ordinary magnet is used in MRS, only a giant water peak is
observed, since approximately 80% of the tissue investigated consists of water molecule.
Usage of superconducting magnet, which generates strong magnetic fields of 1,5-3T, enables
both to suppress the signal comes from water molecules and distinguish the very weak
signals, which have slightly different frequencies and that come from different metabolites
secreted at the vicinity of the related tissue (Salibi & Brown, 1998).

2.2 Proton Magnetic Resonance Spectroscopy (P-MRS)

P-MRS generally produces spectra via Fourier transformation process of the tissue
investigated instead of creating an image of the tissue. In vivo P-MRS, an appropriate radio
frequency is applied the tissue and the signal comes from the tissue is measured and the
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Fig. 4. P-MRS results of healthy human brain by means of metabolites. (Blamire, 2010)

www.intechopen.com



20 Applications of High-Tc Superconductivity

Fourier transformation technique is used. In vivo P-MRS use position, signal intensity and
line width along with spectral patterns to display chemical information about the related
metabolites. A “ppm i.e. parts per million” scale describes the position of the peaks or
resonances on the x-axis. Each peak in the spectrum arises from different brain metabolites.
The heights of the peaks in the vertical axis refer to the concentrations of metabolites in
arbitrary intensity scale.

In Figure 4, the proton magnetic resonance spectroscopic curve of a healthy human brain
tissue with N-acetylaspartate (NAA), creatine (Cr), cholin (Cho) and etc. metabolite peaks is
shown. Some of the metabolite peaks appear at the specific ppm value in the x-axis of the
spectroscopic data. For example NAA peak appears at 2.0 ppm and NAA is accepted as the
neural marker. While the primary resonance of Cr lies at 3.03 ppm, Cho resonates at 3.2 ppm
(Danielsen &Ross, 1999; Blamire, 2010; Frahm et al., 1989).

2.3 In vivo experimental detection of Mild Traumatic Brain Injury (MTBI) by means of
Proton Magnetic Resonance Imaging (P-MRI) and Proton Magnetic Resonance
Spectroscopy (P-MRS)

In this chapter, we will focus on the detection of mild traumatic brain injuries (MTBI) by
means of both Proton Magnetic Resonance Imaging (P-MRI) and Proton Magnetic
Resonance Spectroscopy (P-MRS) techniques based on our experimental investigations.
Although, the physical principle of both neuro-imaging techniques are the same, the
information comes from these methods are completely different. Whereas the magnetic
interaction between applied magnetic field and hydrogen nuclei is considered for P-MRI,
the detection of chemical variation at the vicinity of hydrogen nuclei is realized in P-MRS.
The main goal of this section is to determine mild traumatic brain injury (MTBI) at which no
significant pathology is seen by imaging studies and that is considered as healthy based
upon the Glasgow Coma Score (GCS).

As is known, a neurological GCS, which was published in 1974 (Teasdale & Jennett, 1974),
aims to give a reliable information about the status of the central nervous system in three
types of tests: eye, verbal and motor responses of the patient. The GCS is given in Table 1.

In GCS, the sum of the value that is related to the three types of tests (eye, verbal and motor)
is used to assess the level of consciousness after head injury. According to the values in
Table 1, while “the lowest possible score of 3” corresponds to the deep coma or death, “the
highest score of 15” indicates the fully awake person.

Generally brain injuries are classified as severe with GCS < 8, moderate with CGS:9-12 and
minor GCS = 13.

In MTBI, often no lesion or a few numbers of lesions are detected by MRI findings so that in
many cases neuoro-imaging findings do not completely explain the clinical symptoms. In
this context, P-MRS is commonly used for in vivo detection of variation of the quantity of
metabolites in brain (Ariza et al., 2004; Govindaraju et al., 2004). P-MRS is a very sensitive
and noninvasive in vivo technique to assess the metabolic status of brain which can quantify
selected cerebral metabolites including N-acetylaspartate (NAA), a marker of neuronal and
axonal viability (Bachelard & Badar-Goffer, 1993), total creatine (Cr), which reflects energy
status, total choline (Cho) a marker of membrane metabolism, lactate (Lac), which is an
indicator of ischemia and mobile lipids.

Although, the MRI findings indicate a normal central nervous status in post MTBI, it has
been determined by P-MRS that concentrations of the cerebral metabolites mentioned above
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5 Coos, babbles

Oriented, speaks, interacts, social

Score Infant (<1 year old) Child (1-4 years old) Adult
RESPONSES of EYES
4 Open Open Open
3 To voice To voice To voice
2 To pain To pain To pain
1 No response No response No response

Oriented and alert

4 Irritable cry, consolable

Confused speech, disoriented,
consolable

Disoriented

3 Cries persistently to pain

In appropriate words, inconsolable

Nonsensical speech

Normal, spontaneous

Normal, spontaneous movement

. ) ) Moans,
2 Moans to pain Incomprehensible, agitated unintelligible
1 No response No response No response

Follow commands

movement
5 Withdraws to touch Localizes pain Localizes pain
4 Withdraws to pain Withdraws to pain Withdraws to pain
3 Decorticate flexion Decorticate flexion Decorticate flexion
2 Decerebrate extension Decerebrate extension Decereb'rate
extension
1 No response No response No response

Table 1. Glasgow Coma Score (Teasdale & Jennett, 1974).

change. Several studies with P-MRS have indicated that it is possible to detect neural injury
i.e. loss of neuron by comparing these concentrations and the related ratios of pre and post
MTBI (Luyten &Den Hollander, 1986; Cecil et al., 1998; Friedman et al., 1998; Friedman et
al., 1999; Onbash et al., 1999; Garnett et al., 2000; Brooks et al., 2000; Holshouser, 2000;
Garnett et al., 2001; Rao et al., 2006). Whereas death of neurons manifests itself as the
deficiency of NAA concentration, the increased Cho concentration is related to the cell
membrane breakdown (Brooks et al., 2001). These changes both occur in occipital, parietal
and frontal lobes and the splenium of the corpus callosum of brain regions (Ross et al.,
1998). The related regions of brain are seen in Figure 5.

In MTBI, the metabolic abnormality is relatively small and due to this reason no lesion in
brain tissue is observed in P-MRI results and the related GCS is higher than 14. Moreover, as
is known from medical literature, these patients generally exhibit prolonged neurological
deficits. In this context, P-MRS is considered as the most sensitive probe for detection of
minor changes in brain metabolites. Determination of MTBI has a significant role for both
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Fig. 5. The brief anatomy of human brain (Royal Adelaide Hospital web site, 2010; Weber
State University web page, 2010).

medical diagnosis about the neuron loss percentage and that for forensic science
investigations.

In this context, the MTBI has been investigated via four volunteers experimental subjects!
(mean age: 25 years old; age range: 23-27 years old; mean weight: 75 kg; sex: male;
profession: sportsman) by detection of NAA, Cho and Cr metabolites with P-MRS for pre
and post trauma for both corpus callosum splenium and frontal white lobe of brain.

To obtain MTBI, sportsmen performed boxing for five minutes as a practice by using
boxing gloves and head guard for protection. All experimental subjects were fully awake
according to GCS of “15” for pre and post MTBI. No lesion such as hematoma or
ecchymose was viewed in P-MRI experiments in pre and post MTBI. For comparison, MRI
photographs of sagittal section for pre and post MTBI of one of the experimental subjects
are given in Figure 6 (Eruygun, 1998). The results have been confirmed by professional
neurologist that no difference between the images given in Figure 6, which were taken
from corpus callosum splenium and frontal white lobe of brain, has been detected before
and after minor trauma.

After taking the MRI for post trauma, P-MRS experiments were realized within one and half
hour after trauma. Proton single voxel spectroscopy? experiments have been performed for
corpus callosum splenium and frontal white lobe of brain. The data obtained by pre and
post P-MRS experiments are listed in Table 2 for the sections of brain mentioned above.

1 All volunteers have been informed about the investigation process and they all accepted the
experiment.

2 The single voxel techniques generate a cubic or rectangular shaped volume element i.e. voxel with
maximum 8cm? volume for a region of the sample with P-MRS. Two pulse sequences are used in P-
MRS: The STEAM (STimulated Echo Acquisition Mode) and PRESS (Point RESolved Spectroscopy).
Both STEAM and PRESS sequences generate cubic or rectangular shaped voxel by acquisition of three
orthogonal slice selective 90° pulses and 90° pulse followed by two 180° pulses, respectively. In the
STEAM technique, the signal contamination outside the tissue observed is minimum.
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(b) Post trauma for sagittal section
Fig. 6. MRI images of experimental subject 1 for (a) pre trauma and (b) post trauma from

sagittal section. MR imaging of these regions were performed by General Electric Signa 1.5T
MRI device.

As is seen from Table 2, the neuron marker, NAA, decreases after the minor brain trauma,
whereas the replenishing metabolites of Cholin, increases for every lesions of the all
volunteers’ brain.

The pre and post trauma P-MRS photographs of one of the experimental subject for the both
corpus callosum splenium and the white frontal lobe of brain are given in Figure 7 and 8§,
respectively. The heights of peaks of the metabolites for pre and post trauma are marked on
the left and the right of the photographs, respectively.
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As is seen from Figure 7 and 8 no pathologic peak has been observed.

Corpus Callosum

Pre trauma Rt s,
Post trauma

Frontal White Lobe

Pre trauma

Post trauma

Fig. 8. Brain P-MRS images one of the experimental subject for white frontal lobe.
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Corpus Cgllosum Corpus Céllosum White Frontal White Frontal
. . Splenium Splenium Lobe Post
Brain Sections Lobe Pre trauma

Pre trauma Post trauma trauma

Metabolites NAA| Cr | Cho [NAA| Cr | Cho |[NAA | Cr |Cho |[NAA | Cr |Cho
Experimental | o0l 4o | 57 | 118 |34 | 63 | 123 |42 | 53 | 120 | 47 | 60
Subject 1
Experimental | o0 | 55 | 47 | 100 |49 | 73 | 123 [ 54| 52 | 120 | 53 | 84
Subject 2
Experimental | o0 | 43 | 63 | 100 |38 | 70 | 120 [ 60 | 66 | 123 | 44 | 81
Subject 3
Experimental | 1101 o | 57 | 114 |40 | 75 | 123 |46 | 55 | 116 | 61 | 77
Subject 4

Table 2. By means of chemical shift of metabolites in MRS results for pre and post MTBI
(Eruygun, 1998; Onbasl et al, 1999).

2.4 Conclusion

The observation of the change in the amplitude of brain metabolites at the vicinity of
hydrogen nuclei via P-MRS has been only used for clinical diagnosis for several years. In
addition to clinical researches, a new method for determining of closed and mild brain
injuries, which are caused due to psychological pressure, beating or any kind of abusing,
has been introduced for forensic science investigation for the first time. Moreover, in order
to make clear beyond a reasonable doubt for the detection of such mild brain trauma, the P-
MRS has been suggested as the most reliable scientific tool for forensic science investigations
as well as medical diagnosis.

3. High temperature superconductors as a new terahertz wave sources

Terahertz waves have various advanced technological applications including medical
diagnosis, security, biomedical imaging, atmospheric researches, drug and food inspection,
gas tracing etc. (Tonouchi, 2007). Terahertz waves also known as T-waves, exist a frequency
region between microwaves and far infrared of the electromagnetic spectrum. As is seen
from Figure 9, terahertz waves occupy a region from 300 GHz to 10 THz that can provide
imaging and sensing technologies not available through conventional technologies such as
X-rays.

In recent years, T-waves are extensively utilized for non-destructive security devices since
many materials and living tissues are semi-transparent at terahertz wavelengths and also
have distinct THz absorption spectra namely “finger prints”. Unlike X-rays, THz radiation
posses a little or no health threat since that T-ray photons are both not strong enough to
ionize atom or molecules and not able to break the chains of chemical bonds3. Moreover, T-
waves, especially in 1-10 THz region, have great advantages for biomedical imaging such as
tumor recognition, detection of dental cavities etc. due to its non-invasiveness and low
Rayleigh scattering property factor compared with optical waves (Lu et. al, 2010).
Furthermore, DNA molecules and many proteins have collective vibration and rotation

3 THz waves have low photon energies (1 THz = 4.1 meV), one million times weaker than X-rays, and
do not cause harmful photoionization in biological tissues.
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Fig. 9. Terahertz waves in the electromagnetic spectrum (Zomega Terahertz Corp, 2010).
The terahertz gap lies between electronics and photonics.

modes that coincide with THz region. Due to this reason, T-waves have also a crucial
importance for molecular imaging (Zuhang et.al, 1990; Young et al., 1990; Feng et.al, 1991;
Nossal & Lecar, 1991).

There are many ongoing researches for developing terahertz wave sources. One of the most
popularly used terahertz wave sources is optoelectronic terahertz wave generators. In this
process, near-infrared laser light illuminates a metal-semiconductor-metal structure that
results in a photocurrent which is utilized as terahertz wave. Ultrafast fiber lasers and diode
lasers & photo-mixers are used for “pulsed” and “continuous wave” sources, respectively.
In recent years, the semi-conducting light sources have extended the limit of emission of T-
rays to 1.6 THz for quantum cascade lasers and 1.5 THz for unitravelling-carrier photo
diodes (Ito et. al. 2005; Walther et. al, 2006). On the other hand, the frequency of alternating
currents in semiconductors is limited by finite electron velocities, while that of solid state
lasers are limited by thermal energies which prevent the small electronic transition required
for lasing at THz wavelengths.

Among the sources mentioned above, superconductors, especially the high temperature
superconductors that display “Intrinsic Josephson Effect” (IJE), may be the excellent
promising candidate for terahertz source due to their extremely low noise factor and wide
frequency coverage (Emuidzinas & Richards, 2004; Giiven Ozdemir et al, 2009, Moody,
2009). Very recently, continuous and monochromatic terahertz wave emitter with the
frequency of 0.63THz has been achieved for the intrinsic Josephson junctions in high
temperature BiSroCaCuyOg+s superconductor by applying d.c. voltage in the order of
milivolt (Minami et. al. 2009). The voltage due to the fluxon flow mechanism in the system
excites the Josephson plasma with terahertz frequency. The frequency of 0.63THz can be
considered as the beginning of the filling the THz gap, that is defined between 300 GHz to
10 THz, by high temperature superconducting terahertz sources. The long term goal of the
scientists working on that area is to cover the whole THz gap by superconducting coherent
terahertz wave sources.

In this chapter, the copper oxide layered mercury based cuprate family superconductors,
HgBa>CaxCu3Os+x, which have the highest Meissner transition temperature of 140K ever
obtained at normal atmospheric pressure and display IJE, is proposed as an intrinsic
terahertz wave source, since there is no need to apply any bias voltage to the system.
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3.1 Mercury cuprates as an intrinsic terahertz wave sources
As is known that the copper oxide layered high temperature superconductors such as

BirSr,CaCu,0s, TlyBaxCarCusOq0, HgBaxCarCusOs+x etc. have a common structure in which
superconducting copper oxide layers are separated by a thin insulating layer. Copper oxide
layers are electromagnetically coupled together by Josephson tunneling process. According
to the experimental evidences, cuprates such as BiSr,CaCuOs, TlhBa,Ca,CuzOip and
YBaxCu3O7.« behave like a stack of superconductor-insulator-superconductor structure i.e.
intrinsic Josephson junctions (IJ]) (Kleiner & Miiller, 1994; Ozdemir et. al, 2006; Giiven
Ozdemir et. al., 2009)

As is known, the main Josephson plasma excitation modes in weakly Josephson coupled
layered superconductors are longitudinal (along the c-axis) and transversal (in the ab-
plane) plasma modes. Whereas the transverse-mode plasma oscillations can be converted
into electromagnetic waves at the boundary of the junctions (Machida & Tachiki, 2001),
the longitudinal plasma propagation modes in an array of IJJ do not lead the
electromagnetic wave radiation, since the electromagnetic wave has only transverse mode
(Bae &Lee, 2006).

Mercury based superconductors have been considered as an array of IJ]. Since, the Interlayer
Theory* is valid at low temperatures for the optimally oxygen doped mercury cuprates
(Ozdemir et. al, 2006), all copper oxide layers along the c-axis of the system are in the
resonance with the Josephson plasma frequency that coincides to the THz gap (Gtiven
Ozdemir et. al, 2007). This type of Josephson plasma resonance mode cannot be attributed to
the fluxon flowing mechanism, since the working magnetic field interval never exceeds the
lower critical magnetic field of the system. Hence, the magnetic flux is totally expelled from
the superconductor. The phenomenon is displayed as a perfect diamagnetic response on
SQUID data. Ultimately, the terahertz plasma oscillations determined in the system provide
the bulk mercury cuprate superconductor as an intrinsic coherent terahertz wave source
without application of any external voltage.

The Josephson plasma frequency values for the mercury cuprates had already been
calculated via magnetic critical current density ], which was deduced by magnetization
versus magnetic field curves obtained by SQUID5 (Ozdemir et. al, 2006; Giiven Ozdemir
et. al., 2009). The Josephson plasma frequency, fp is calculated via Josephson penetration
depth, /1] .

<
27[/1]

fr 1)

where 4; describes the penetration depth of the magnetic field induced by the supercurrent
flow in the superconductor. The Josephson penetration depth is defined as

4 According to Interlayer theory, electron pairing in the superconducting state makes the transport
process along the c-axis to be coherent via Josephson (Lawrence-Doniach like) coupling between the
superconducting copper oxide layers. Moreover, in order to provide the coherent transport mechanism
along the c-axis, the Josephson coupling energy must be equal to the superconducting condensation
energy (Anderson, 1997; Anderson 1998).

5 The critical current density at the vicinity of lower critical magnetic field had already been calculated
by Bean critical state model.
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— C¢0 )
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where, c is the speed of light, J. is the magnetic critical current density, ¢, is the magnetic
flux quantum, and d is the average distance between the copper oxide layers (Ferrel &
Prange, 1963; Ketterson & Song, 1999; Fossheim & Sudbo, 2004).

We have calculated the intrinsic Josephson plasma frequencies for the optimally and over
oxygen doped Hg-1223 superconductors. The related data have been listed in Table 3.

The optimally oxygen doped Hg-1223 The over oxygen doped Hg-1223
superconductors superconductors
Temperature (K) | Plasma Frequency, f, (Hz) | Temperature (K) [Plasma Frequency, f, (Hz)

4.2 8.303x1013 5 3.295x1013
27 3.363x1013 17 2.175x1013
77 8.303x1012 25 1.981x1013

77 1.866x1012

90 1.537x1012

Table 3. The Josephson plasma frequencies for the optimally and over oxygen doped Hg-
1223 cuprate superconductors (Ozdemir et al., 2006; Giiven Ozdemir et al., 2007; Giiven
Ozdemir, 2007).

In Figure 10, the Josephson plasma frequency versus temperature curves and the related
fitting functions for both the optimally and over oxygen doped HgBa>CarCusOsqx
superconductors are shown.

The temperature dependence functions of the Josephson plasma frequency for the optimally
and over oxygen doped Hg-1223 superconductors have been determined by Origin Lab 8.0
graphic program. According to the fitting functions given in Egs. (3) and (4), an extra doping
of oxygen atoms to the optimally doped system changes the temperature dependence of fp
and also lowers the plasma frequencies.

(8.303><1013 —8.303><1012)

*(21;5914) ()

for the optimally oxygen doped Hg-1223 superconductor

fp(T)=8.303x10" +

fp(T)=1537x10" +(3.29503x 10" ~1.537x 10 )[ PO L e Fem } @

for the over oxygen doped Hg-1223 superconductor

3.2 Brief conclusions for mercury cuprate intrinsic terahertz wave sources

Both the optimally and over oxygen doped mercury cuprate samples exhibit intrinsic
terahertz Josephson plasma frequencies at relatively high temperatures. The optimally
oxygen doped system starts to emit a coherent terahertz waves at the vicinity of liquid
nitrogen temperature of 77K, whereas for the over oxygen doped samples, this effect starts
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Fig. 10. The intrinsic Josephson plasma resonance frequency versus temperature curves and
fitting functions for both the optimally and over oxygen doped mercury cuprates.

above 77K. So it has been concluded that the excess oxygen only affects the starting
temperature of emission of coherent terahertz wave in the superconducting system.

4. Intrinsic Quantum Bit “Qubit” operations with mercury cuprate high
temperature superconductors

4.1 Introduction to quantum computers and qubit

In recent years, quantum computers have an increasing attention due to their both high
speed and memory capacity. As is known that quantum computers are completely different
from the classical computers which are based on the standard semiconductor transistor
technology. While classical bit is used in the classical computers, the quantum bit namely
“qubit”, which can carry two quantum states at the same time, is used in the quantum
computers. Quantum computers are operated by some quantum mechanical phenomena
such as quantum superposition, quantum entanglement and quantum teleportation.

A quantum computer maintains a sequence of qubits. A single qubit is represented by |0),
|1> or crucially any quantum superposition of these states. The quantum superposition of
these orthogonal states is defined by

W)=cil0)+el1) (5)

The squares of the complex coefficients c;2 and c;2 represent the probabilities for finding the
particle in the corresponding states. Pair of qubits can be in any quantum superposition of 4
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(=22) states and three qubits in any superposition of 8 (=23) states etc. While, for the classical
computer one of these states has the probability of “1”, for the quantum computer, the sum
of the probabilities of these states equals to “1”. In this point of view, quantum
superposition allows a particle to be in two or more quantum states at the same time. So that

the quantum computation is a parallel computation in which all ZM basis vectors are acted
upon at the same time. This parallelism allows a quantum computer to work on a million
computations at once, while the desktop PC works on one. A 30-qubit quantum computer
would equal the processing power of a conventional computer that could run at 10 teraflops
(trillions of floating-point operations per second). Today's typical desktop computers run at
speeds measured in gigaflops (billions of floating-point operations per second) (Deutchs,
1997). In Figure 11, the difference between classical and quantum computers is illustrated
representatively in the context of computation process.

classical

1011 =9 computer

= (0101 Lompuier

Linear computation

Parallel computation

Fig. 11. The main difference between classical and quantum computers by means of
computation process (Optical Lattices & Quantum Information Web Site, 2011).

Quantum computers also use a special quantum mechanical phenomenon called as
“Quantum Entanglement”. In the quantum entanglement, it is possible to link together two
quantum particles such as photons or atoms in a special way that makes them effectively two
parts of the same entity. Then you can separate them as far as you like, a change in one part is
instantly reflected in the other and collectively they constitute a single quantum state (Clegg,
2006). Two entangled particles often must have opposite values for a property, for example,
opposite spin. For instance, two photons can be entangled such that if one of them is
horizontally polarized, the other is a vertically polarized. It is not important how far they are
located, the change in one also reflected in the other. So that quantum entanglement allows
particles to have a much closer relationship than is possible in classical physics (Dumé, 2004).
In quantum teleportation, complete information about the quantum state of a particle is
instantaneously transferred by the sender to a receiver. This is a great advantage for
quantum computing.

In the quantum computers, data is stored by using atoms, photons or fabricated
microstructures. In recent years, low temperature superconductors such as Nb and Al have
been widely used for qubit technology. Superconducting qubits have an increasing attention
due to their collective coherent behavior. As it is well known that the superconducting
system can be considered as a condensed state like superfluids so that the all electron pairs
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are described by the single quantum state with the quantum wave function, ¥, which is
directly related to the phase difference, ¢ (Annett, 2004; Clarke & Wilhelm, 2008). In this
point of view, this quantum mechanically coherent superconducting system is considered as
the most viable for the qubit applications. Furthermore, superconductors provide the
general requirement of the quantum circuits such as low dissipation and low noise. The zero
resistance phenomenon of the superconducting state provides low dissipation and
operating them at low temperatures offers a low noise.

Moreover, the formation of an energy gap between the electron pairs energy states and the
free electron energy states has a crucial role in the superconducting qubit technology, since a
significant amount of energy is needed for escaping the electron from this collective
coherent state. So that it is very difficult to destroy the coherence of the physical
superconducting qubit system. The mentioned collective behavior of superconductors that
yields to a macroscopic quantum wave function, #is connected to two crucial effects: “Flux
quantization” and “Josephson effect” (Mooij, 2010).

Flux quantization is a fundamental quantum phenomenon in which the magnetic field is

h

quantized in the unit of ®, = Cvin 2.068x10"°Tm? , flux quantum. The flux quantization also
e

occurs in Type II superconductors between lower (Hc) and upper (Hc) critical magnetic
fields since magnetic field begins to penetrate above the lower critical magnetic field of He
through the superconductor in discrete (quantized) units while the system is still a
superconductor.

In the Josephson effect, electron pairs can quantum mechanically tunnel the thin insulating
layer due to the phase difference, ¢ between the adjacent superconducting layers. The
supercurrent (Is) across the Josephson junction, which consists of two superconducting
layers separated by thin insulating layer, is directly related to the gauge invariant phase
difference, ¢.

I, =1,,sing (6)

S

where I, represents the maximum current through the Josephson junction. In this
situation, no voltage is applied to the junction. If an appropriate dc voltage is applied to the
junction, the supercurrent oscillates with a characteristic angular frequency  (Josephson,
1962).

de 2eV 2V
—=0=—> W=
dt h D,

I, =1,.« sin(qo—i- %t}

)

So that any change in the Josephson current results in a finite voltage across the junction.
Hence the Josephson junction behaves as a nonlinear inductor.

Since both the phase coherence and long range order are the essence of the Josephson effect,
they both play key roles in the qubit technology.

In the present superconducting qubit technology, some low temperature superconducting
tunnel junctions have been utilized and their coherence times are around several microseconds
while the operating time of qubit is in the order of nano seconds. The coherence times need
some improvement. On the other hand, some high temperature superconductors such as Bi-

www.intechopen.com



32 Applications of High-Tc Superconductivity

family superconductors have been tested for qubit operations but they did not give good
results due to their high decoherence that results the loss of quantum information.

If one could fabricate a qubit with high temperature superconductors, it would have great
advantages such as multiply connected and coupled millions of qubits in the thickness of
Imm. Since some of the high temperature superconductors consist of intrinsic Josephson
junction array, there will no need to fabricate a Josephson junction one by one. Moreover,
they will operate at significantly high temperatures such at 100K and above so the system
will work with very low cost. On the other hand most the copper oxide layered high
temperature superconductors such as Bi-family, Y-family superconductors are considered as
two-dimensional superconductors due to their high anisotropy. Among other high
temperature copper oxide layered superconductors, mercury cuprate family
superconductors, HgBa>Ca;CuzOs+x have remarkable features for the superconducting qubit
technology particularly, flux qubit. Due to this reason, in the following section the working
principle of the flux qubit will be reviewed. Afterwards, the essential features of the
mercury cuprates such as intrinsic Josephson junction structure, occurrence of the
Paramagnetic Meissner effect, the electromagnetic wave cavity behavior, occurrence of the
spatial resonance and etc. have been discussed in the context of bulk flux qubit. The last
section is devoted to determine the required conditions for operating the bulk mercury
cuprate superconductors that work as a flux qubit.

4.2 The working principles of flux qubits
Superconducting qubits are classified by comparing the Josephson coupling energy and the
charging energy. Josephson coupling energy is defined by
D1
E, = 0~ max 8

iy ®)
The Josephson coupling energy characterizes the coupling strength between the adjacent
superconducting layers. The charging energy is related to the occurrence of the electric field
due to the motion of electron pairs in the junction that described as

(2¢)?

E.=
DYs

©)

where C is the capacitance of the junction.

Charging energy is important for small Josephson junctions. In the flux qubit, Josephson
coupling energy is significantly larger than the charging energy (E>>Ec). The phase of the
superconducting wave function is more important than the charge. Different value of the
total phase change is connected with the different circulating current.

As is known that flux qubit consists of multiple connected Josephson junctions, typically
three Josephson junctions (Fig. 12). If the zero magnetic flux is trapped in the qubit loop, the
lowest energy is obtained at the zero phase change with zero current. If the magnetic flux
quantum is trapped in the qubit loop, the lowest energy is obtained at the phase change of
2m. If half of a magnetic flux quantum is trapped in the qubit loop, the lowest energy is
obtained at the phase change of m and the two fluxoid states have equal energies with
opposite circulating currents. This is the basis of the working principle of the flux qubit
(Mooij et al., 1999).
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Fig. 12. The configuration of flux qubit consist of three Josephson junctions (Hans Mooij's
research group at Delft University of Technology Physics, 2005)

According to Mooij et al., if (f@y) magnetic flux is applied to the qubit loop, where fis slightly
smaller than 0.5, the system has two stable magnetic-flux states namely |0) and |1) quantum
states. As is shown in Fig. 13, one magnetic flux state corresponds to a current, which is the
order of several microamperes, of flowing clock wise, the other magnetic flux state
corresponds to the same amount of current flowing anti-clock wise (Chiorescu et al., 2003).

Fig. 13. The Scanning Electron Microscopy (SEM) photography of the micrometer sized
superconducting flux qubit. Arrows indicate the clock wise and anti-clockwise currents.

Moreover, the quantum superposition of two states (|0) and |1)) is also manipulated by
resonant microwave pulses and applying strong microwaves to the system induces
hundreds of coherent oscillations. This phenomenon is known as “Rabi oscillations” and it
is the basis of quantum gate operations (van der Wal et al., 2000).

One of major problems of superconducting qubits is decoherence which causes the loss of
information. Since the phase of quantum wave function dominates the effect of charge in the
flux qubit, flux qubit circuits are directly affected by the external flux and its noise that
results to cause decoherence (Wellstood et al., 1987; Mooijj et al., 1999; Friedman et al., 2000).
As is known that quantum information processing is limited by the coherence times. The
increasing the coherence time makes possible to carry out a real effective quantum computer
in future. From this respect, mercury cuprates have a great potential for flux qubit
technology due to their long coherence times as will be expressed in the next section.
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4.3 The general properties of mercury based copper oxide layered ceramic

superconductors in the context of flux qubit

Besides the fact that the HgBaxCaxCu3Os+x cuprate superconductors have the highest

Meissner critical transition temperature of 140K at normal atmospheric pressure (Onbasl: et

al, 2009), they have remarkable features for the superconducting flux qubit technology. The

crucial advantages of the mercury cuprates have been listed below.

a. Intrinsic Josephson junction array: Mercury cuprate family superconductors consist of
typical superconducting copper oxide layers which are separated by thin insulating
layers. Due to that fact the system is considered as an intrinsic Josephson junction
network (Kleiner & Miiller, 1994; Ozdemir et al., 2006). This property of mercury
cuprates removes the problem of the fabrication of the Josephson junctions separately.
As is known, in order to build a real quantum computer one needs many coupled
qubits. According to the relevant qubit technology, the connected qubit circuits are
designed in a special way that allow to 105 operations (Mooij, 2010). However, utilizing
the bulk mercury cuprate superconductor may increase the number of operation, since
the connections between intrinsic Josephson junctions are naturally realized.

b. The confirmation of interlayer theory and occurrence of spatial resonance: The
interlayer theory, which was proposed by P.W. Anderson for explaining the mechanism
of superconductivity in the copper oxide layered high temperature superconductors,
has been confirmed for the mercury cuprate family superconductors (Ozdemir et al.,
2006). According to the interlayer theory of high temperature oxide superconductors,
the interlayer coupling correlates electromagnetic coupling along the c-axis with
superconducting condensation energy of the superconductor (Anderson, 1997;
Anderson 1998). In other words, the Josephson coupling energy equals to
superconducting condensation energy in the mercury cuprates at around liquid helium
temperature. In this point of view, all superconducting copper oxide layers along the c-
axis are in the resonance. Hence, the system behaves like a three dimensional
electromagnetic wave cavity. Also it has been determined that the mercury cuprate
family superconductors behave like an electromagnetic wave cavity with the frequency
of microwave, terahertz and infrared depending on the temperature dealt with
(Ozdemir et al., 2006; Giiven Ozdemir et al. 2007; Giiven Ozdemir et al., 2009).

In this context, the intrinsic Josephson junctions are connected via electromagnetic coupling

in the bulk mercury cuprate so that the intrinsic Josephson junctions are in the lossless and

perfect communication which has a crucial role in the qubit interactions in quantum
computation. Moreover, the spatial microwave electromagnetic wave cavity also is utilized
for the manipulation of the quantum states intrinsically.

c¢. d-wave symmetric order parameter: As is known, mercury cuprate superconductors
have d,2y2-wave symmetric order parameter (Panagapoulos et al., 1996, Panagapoulos
& Xiang, 1998; Onbasl et al, 2009). According to Taffuri et. al, the qubit proposals
basically utilized the fact that the Josephson junctions with a m-shift in phase can be
produced by a d-wave order parameter symmetry. This may lead to intrinsically double
degenerated system, i.e. systems based on Josephson junctions with an energy-phase
relation with two minima (Tafuri et al., 2004). This condition is intrinsically occurs in
the mercury cuprate family due to the d-wave symmetry of its order parameter.

d. Paramagnetic Meissner Effect (PME): Some superconductors acquire a net positive
magnetic moment when they are cooled in weak magnetic fields such as in the order of
1 Gauss. This phenomenon is known as paramagnetic Meissner effect (PME).
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Paramagnetic Meissner effect has been observed on both very cleanly prepared some
high temperature superconductors and some low temperature superconductors
(Braunisch et al., 1992; Braunisch et al., 1993; Schliepe et al., 1993; Khomskii, 1994;
Riedling et al., 1994; Thompson et al., 1995; Onbasl: et al., 1996; Magnusson et al., 1998;
Patanjali et al., 1998; Nielson et al, 2000).
Paramagnetic Meissner effect has been observed on both d.c. and a.c. magnetic moment
versus temperature data of the mercury cuprate superconductors (Onbash et al, 1996;
Onbash et al, 2009). As is seen from Fig. 14, the temperature of TpvE, at which the maximum
paramagnetic signal is observed on the imaginary component of magnetic moment, is
known as PME temperature.
One of the main theoretical explanations of the PME is that the m-junctions between weakly
coupled superconducting grains cause spontaneous orbital currents in arbitrary direction.
An application of a very weak magnetic field aligns these orbital currents in the opposite
direction to diamagnetic Meissner current and hence the system gains a net positive
magnetic moment (Braunisch et al., 1992).
The origin of the PME is based on the weakly coupled m-junctions in which the phase
difference is m. On the other hand, phase difference is associated with supercurrent of the
system. From this respect, the mercury cuprates intrinsically provide the phase change of
which has a key role in the flux qubit as it was mentioned in the previous section.
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Fig. 14. The a.c. magnetic moment versus temperature data of the optimally oxygen doped
mercury cuprates. The data has been taken from the MPMS-55 model quantum design
SQUID magnetometer by applying 1 Gauss a.c. magnetic field. The clock wise and anti-
clock wise orbital currents both exist at 122K.

As is seen from Fig. 14, for temperatures lower than TpvE, the imaginary component of the
magnetic moment increases and the orbital current is circulating in one direction clock wise
or anti-clock wise. For the temperatures higher than TpyE, the imaginary component of the
magnetic moment decreases and the orbital current is circulating in the opposite direction to
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the previous state. So that at Tpme temperature, the clock wise and anti-clock wise currents
exist. In this point of view, it has been proposed that the mercury cuprate system can be
utilized as an intrinsic bulk flux qubit.

4.4 Concluding remarks on bulk flux qubit character of mercury based copper oxide

layered superconductors

As it has been stated in the previous section, the general requirements of the flux qubit are

fulfilled by the bulk mercury cuprate superconductors which have been summarized in the

following items:

e There is no need to fabricate single Josephson junctions one by one since mercury
cuprates intrinsically behaves as a Josephson junction network. Moreover, occurrence of
the spatial resonance in the system also forms perfect (lossless) communication between
the intrinsic Josephson junctions. In this respect, utilizing mercury cuprates for qubits
may increase the present speed of quantum computations.

e  There is no need to apply external (®y/2) magnetic flux to the qubit loop to achieve the
opposite circulating currents at the same time. As is known that, in order to apply
external (®y/2) magnetic flux to the qubit loop, rather complicated, high sensitive and
expensive techniques have been used. On the other hand, the existence of opposite
circulating orbital currents (clock wise and anti-clock wise) at the same time has been
achieved spontaneously by the weakly coupled = -junctions in the mercury cuprates at
the TpuME.

e In the standard qubit technology, strong microwave pulses have been utilized for
manipulating the quantum superposition of these opposite circulating fluxoid states
and obtaining the coherent oscillations for quantum gate operations. In this point of
view, for qubits produced by the mercury cuprates, the intrinsic microwave cavity
behaviour also provides continuous coherent oscillations for the lossless communicated
intrinsic qubits in the bulk mercury cuprates.

e  One of the main aims of qubit investigations is to fabricate a quantum computer one
day. This aim will come true only by obtaining many connected qubits with long
coherence times. In this respect, this work may give an insight to obtain a huge number
of coupled (lossless communicated) qubits.

e Another important element is that, the opposite circulating orbital currents preserve
their state as long as it operates at the temperature of Tpme. A remarkable point that the
Trme temperature (122K) is approximately 20K below the critical transition temperature
of 140K. In this point of view, the required working temperature is very high relative to
present low temperature superconducting qubits. In the present superconducting qubit
technology, superconducting Aluminum thin films have been extensively used and its
critical transition temperature is just 1.2K. So that working with mercury cuprates
would lower the cost for technological applications.

e  Morever, to fabricate the single intrinsic flux qubit with mercury cuprates is possible by
referring to the Scanning Electron Microscopy (SEM) data of the optimally oxygen
doped mercury cuprates. The mentioned intrinsic layered structure is shown in Fig.15.
The primitive cell of the mercury cuprate contains two intrinsic Josephson junctions in
the thickness of approximately 1.5 nm (Aslan et al., 2009). In this context, by using an
appropriate technology, it is possible to extract three intrinsic Josephson junctions of
about 2.25nm to fabricate single flux qubit with mercury cuprates.
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26Ky

Fig. 15. SEM photography of the optimally oxygen doped HgBa>CaxCu3zOs-x
superconductors. The experiment has been performed JSM-5910 LV Scanning Electron
Microscopy.

5. Bolometer applications of high temperature superconductors

Cosmology experiments show that the Universe consists of 73% Dark Energy, 23% Dark
Matter and only 4% ordinary matter. The acceleration of the Universe occurs by unknown
forces due to the increasing dominance of a mysterious dark energy. In order to resolve the
nature of the dark energy and matter, a new generation of telescopes, which are designed to
measure the polarization in the cosmic microwave background, is needed. For this kind of
telescopes, the advanced detectors called as bolometers are required (Kuzmin, 2006).

The bolometer is a thermal detector, which employs an electrical resistance thermometer to
measure the temperature of a radiation absorber. In the bolometer, the higher the energy is
absorbed, the higher the temperature will be. The variation of the temperature can be
measured via an attached thermometer. Today, in the most bolometers semiconductor or
superconductor absorptive elements are used instead of metals. These devices can be
operated at cryogenic temperatures, enabling significantly greater sensitivity.

One of the promising devices made of high temperature superconducting materials are edge
transition bolometers. Upon the discovery of high temperature superconductors, many
studies have been focused on the application of these materials in different types of
bolometers for the microwave to infrared wavelength regime. The superconducting
bolometers consist of patterned thin or thick superconducting film. Their operation is based
on their sharp drop in the resistance, R at their transition temperature, T.. The detector is
kept at a temperature close to the middle of the superconducting transition, where the
dR / 47 s maximum. The edge transition superconductive bolometers have been investigated
in various studies (Skchez et al., 1997; Fardmanesh, 2004; Cdmara Mayorgaa et al., 2006).
Photo-mixing devices needed for hot electron bolometers, which have been verified with a
superconductor-insulator-superconductor (SIS) mixer, have tremendous potential for
various applications such as radio astronomy, terahertz imaging, high-resolution
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spectroscopy, medicine, security, and defense (Camara Mayorgaa et al., 2006). Moreover, it
has been reported that the design, fabrication and performance of a high temperature
GdBayCus07.y, superconductor bolometer positioned on a thick silicon nitride membrane.
The technological feasibility of this high-Tc superconductor transition edge bolometer
investigated could satisfy the requirements of a Fabry-Perot (FP) based satellite instrument
designed for remote sensing of atmospheric hydroxyl ion (Skchez et al., 1997). Furthermore,
the SQUID readout has been already developed for bolometers such as Cold Electron
Bolometer (CEB) (Kuzmin, 2006). In addition to these works, it has been reported that a
superconductor-insulator-metal bolometer with microwave readout is suitable for large
format arrays (Schmidt et al., 2005).

In this study, the mercury based copper oxide superconductors have been proposed as a
sensitive and reliable microwave bolometers to be used for the cosmic researches due to the
special effect occurs at the paramagnetic Meissner temperature (Tpve) which coincides to the
space temperature (Aslan, 2007; Aslan et al.,2009). As was explained in the previous section,
the PME is intrinsic property which is observed at the vicinity of TPME=122K for the
mercury based cuprate superconductors. At this temperature, clock wise and anti-clock wise
orbital currents cancel the noise factor in the system. Moreover, at this temperature, the
system emits microwaves intrinsically. Since, the temperature of Tpve approximately equals
to the space temperature, the system reliably works at the space as an intrinsic microwave
bolometers for the investigations of dark energy and dark matter qualitatively. Moreover,
the temperature of Tpye can be modified by oxygen doping rates which enable us to obtain
wider range of bolometric measurements. Furthermore, an alternative method for
differential resistivity measurements, observation of change in orbital current has been
suggested to detect of dark energy very precisely via PME.
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