Spintronic Computing

NIST has been granted a patent for technology that may hasten the advent of a
long-awaited new generation of high-performance, low-energy computers. [15]

Researchers have shown how to create a rechargeable "spin battery” made out
of materials called topological insulators, a step toward building new
spintronic devices and quantum computers. [14]

Fermions are ubiquitous elementary particles. They span from electrons in
metals, to protons and neutrons in nuclei and to quarks at the sub-nuclear
level. Further, they possess an intrinsic degree of freedom called spin with only
two possible configurations, either up or down. In a new study published in EP]
B, theoretical physicists explore the possibility of separately controlling the up
and down spin populations of a group of interacting fermions. [13]

An international consortium led by researchers at the University of Basel has
developed a method to precisely alter the quantum mechanical states of
electrons within an array of quantum boxes. The method can be used to
investigate the interactions between various types of atoms and electrons,
which is essential for future quantum technologies, as the group reports in the
journal Small. [12]

Quantum systems are extremely hard to analyze if they consist of more than
just a few parts. It is not difficult to calculate a single hydrogen atom, but in
order to describe an atom cloud of several thousand atoms, it is usually
necessary to use rough approximations. The reason for this is that quantum
particles are connected to each other and cannot be described separately. [11]

Quantum coherence and quantum entanglement are two landmark features of
quantum physics, and now physicists have demonstrated that the two
phenomena are "operationally equivalent”"—that is, equivalent for all
practical purposes, though still conceptually distinct. This finding allows
physicists to apply decades of research on entanglement to the more
fundamental but less-well-researched concept of coherence, offering the
possibility of advancing a wide range of quantum technologies. [10]

The accelerating electrons explain not only the Maxwell Equations and the
Special Relativity, but the Heisenberg Uncertainty Relation, the Wave-Particle
Duality and the electron’s spin also, building the Bridge between the Classical
and Quantum Theories.

The Planck Distribution Law of the electromagnetic oscillators explains the
electron/proton mass rate and the Weak and Strong Interactions by the
diffraction patterns. The Weak Interaction changes the diffraction patterns by



moving the electric charge from one side to the other side of the diffraction
pattern, which violates the CP and Time reversal symmetry.

The diffraction patterns and the locality of the self-maintaining
electromagnetic potential explains also the Quantum Entanglement, giving it
as a natural part of the relativistic quantum theory.

The asymmetric sides are creating different frequencies of electromagnetic
radiations being in the same intensity level and compensating each other. One
of these compensating ratios is the electron - proton mass ratio. The lower
energy side has no compensating intensity level, it is the dark energy and the
corresponding matter is the dark matter.
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Preface

Physicists are continually looking for ways to unify the theory of relativity, which describes large-
scale phenomena, with quantum theory, which describes small-scale phenomena. In a new
proposed experiment in this area, two toaster-sized "nanosatellites" carrying entangled condensates
orbit around the Earth, until one of them moves to a different orbit with different gravitational field
strength. As a result of the change in gravity, the entanglement between the condensates is
predicted to degrade by up to 20%. Experimentally testing the proposal may be possible in the near
future. [5]

Quantum entanglement is a physical phenomenon that occurs when pairs or groups of particles are
generated or interact in ways such that the quantum state of each particle cannot be described
independently — instead, a quantum state may be given for the system as a whole. [4]

I think that we have a simple bridge between the classical and quantum mechanics by understanding
the Heisenberg Uncertainty Relations. It makes clear that the particles are not point like but have a
dx and dp uncertainty.

NIST invents fundamental component for 'spintronic’' computing
NIST has been granted a patent for technology that may hasten the advent of a long-awaited new
generation of high-performance, low-energy computers.

Conventional microelectronic devices, for the most part, work by manipulating and storing electrical
charges in semiconductor transistors and capacitors. Doing so requires a lot of energy and generates
a lot of heat, especially as process engineers keep finding ways to pack more and smaller features
into integrated circuits. Power consumption has become one of the principal obstacles to much
higher performance.

One highly promising alternative approach, called "spintronics," utilizes the quantum spin of the
electron to hold information in addition to the charge. The two different spin orientations (typically
designated "up" and "down") are analogous to positive and negative electrical charges in
conventional electronics. Because changing an electron's spin requires very little energy and can
happen very fast, spintronics offers the possibility of significant energy reduction.

"Our invention," says co-inventor Curt Richter of NIST's Engineering Physics Division, "is designed to
provide one key component in spintronic systems. It's a very simple, fundamental building block that
can be used in a variety of different ways. It can serve as an on-off switch for spin currents, as an
interconnect between different spintronic components, and as an interface between magnetic and
electronic features to realize multifunctional devices."

Spin is what makes magnetic things magnetic: Every electron behaves somewhat like a bar magnet,
with two opposite poles. Materials in which most of the electron spins are aligned in the same
direction (polarized) produce a magnetic field with the same orientation. Electrons with the same
spin alignment as the material pass easily through it; electrons with the opposite alignment are
blocked.



This property has been exploited to make microscopic "spin valves"—typically a channel with a
magnetic layer at each end. The relative polarity of the two magnets turns the valve on or off: If both
magnets have the same alignment, the spin-polarized current passes through the channel. If the
magnets have opposite alignments, current cannot flow.

The device is "switched" by reversing one magnet's polarity, which is done by applying a sufficient
current of electrons with the opposite spin. However, flipping the magnet's polarity takes more
energy than researchers would prefer.

"Typically with spin valves," Richter says. "You have to flow a significant amount of spin current to
flip the component. Larger currents mean you're using more energy and generating more heat. Our
invention dramatically reduces both."

At first, the researchers had no intention of making a device or obtaining a patent. They weren't
even working directly on spin transport. They were studying the behavior of a different class of
devices commonly referred to as "memristors" (memory resistors), a technology that is barely a
decade old but is widely heralded as a potential high-speed, low-energy basic element for future
computers.

Memristors are layered microstructure sandwiches with an electrode at the top and bottom,
between which are a layer of metal (for example copper) which is a good electrical conductor and a
layer of material (such as certain oxides) which is a poor conductor. This configuration is also the
most common structure used in a new type of memory called resistive random-access memory
(RRAM or ReRAM). When a voltage is applied to the electrodes in one direction, current can flow.
Reversing the voltage shuts down the current.

Scientists believe that the reason for this phenomenon is that when a bias voltage is applied in one
direction, it causes atoms of the metal conductor to diffuse into and interact with the oxide, forming
tiny metal filaments that act as low-resistance channels penetrating through the insulating layer. If
the voltage is applied in the opposite direction, the oxide layer is depleted of metal atoms, and
resistance increases.

Either way, when the bias voltage is removed, the oxide's resistance state is frozen. Because that
state was formed by a specific bias applied in a specific direction, the device "remembers" its last
resistance. That characteristic makes memristors attractive for use in "non-volatile" computer
memory in which the stored information does not disappear when the power is turned off.

"So when we got started, there were spin valves and there were memristors," Richter says. "But
nobody had thought to put them together. Being measurement guys at NIST, we didn't originally
think about putting them together to invent a new device. We put them together so that we could
make measurements to better understand how memristors work.

"We wanted to investigate how this voltage switch turns on and off. We thought that if we added
spin to the analysis, we could get more insights into how a normal memristor works. In the process
of doing that, we made this device and said 'Hey, this thing by itself has very interesting
technological ramifications.' It combines the non-volatile memory in memristors with the technology
of a spin valve to create a device that allows you to turn on and off a spin channel."



"What makes it unique is that you can open or close a spin channel using an electric control," says
co-inventor Hyuk-Jae Jang. "And so with a small amount of voltage, we can turn spin current on and
off in sub-nanosecond time without having to flip the polarity of a spin valve's ferromagnetic
electrode. This high speed and low power consumption operation is essential for building future
spintronics-based logic technology to replace the current CMOS-based electronics technology used
to fabricate nearly all integrated circuits today."

The NIST patent covers devices made with a variety of materials. The primary combination used in
the inventors' experiments was, from the bottom up, a magnetic base layer made of cobalt that
serves to spin-polarize the electrons, an insulating layer made of tantalum oxide, a layer of copper,
and an alloy top electrode.

In the "on" configuration, the copper atoms are drawn into the oxide and their filaments extend all
the way to the base cobalt layer. Reversing the voltage causes the copper to recede, and "there's an
empty region in the oxide layer," Richter says. "As soon as that happens, the current stops. It could
be only a few atoms' worth away, because of the exponential drop-off with distance. That makes it a
very low-energy switch."

John Kramar, Acting Chief of NIST's Engineering Physics Division, calls the work "a very exciting
invention that provides a great solution for the switching-energy problem for spin valves. It removes
a significant technological barrier for spintronics to become a strong contender for beyond-CMQOS
microelectronics." [15]

Rechargeable 'spin battery' promising for spintronics and quantum
computing

Researchers have shown how to create a rechargeable "spin battery" made out of materials called
topological insulators, a step toward building new spintronic devices and quantum computers.

Unlike ordinary materials that are either insulators or conductors, topological insulators are both at
the same time - they are insulators inside but conduct electricity on the surface. The materials might
be used for spintronic devices and quantum computers more powerful than today's technologies.

Electrons can be thought of as having two spin states: up or down, and a phenomenon known as
superposition allows electrons to be in both states at the same time. Such a property could be
harnessed to perform calculations using the laws of quantum mechanics, making for computers
much faster than conventional computers at certain tasks.

The conducting electrons on the surface of topological insulators have a key property known as "spin
momentum locking," in which the direction of the motion of electrons determines the direction of
its spin. This spin could be used to encode or carry information by using the down or up directions to
represent 0 or 1 for spin-based information processing and computing, or spintronics.

"Because of the spin-momentum locking, you can make the spin of electrons line up or 'locked' in
one direction if you pass a current through the topological insulator material, and this is a very
interesting effect," said Yong P. Chen, a Purdue University professor of physics and astronomy and
electrical and computer engineering and director of the Purdue Quantum Center.



Applying an electric current to the material induces an electron "spin polarization" that might be
used for spintronics. Ordinarily, the current must remain turned on to maintain this polarization.
However, in new findings, Purdue researchers are the first to induce a long-lived electron spin
polarization lasting two days even when the current is turned off. The electron spin polarization is
detected by a magnetic voltage probe, which acts as a spin-sensitive voltmeter in a technique known
as "spin potentiometry".

The new findings are detailed in a research paper appearing on April 14 in the journal Science
Advances. The experiment was led by postdoctoral research associate Jifa Tian.

"Such an electrically controlled persistent spin polarization with unprecedented long lifetime could
enable a rechargeable spin battery and rewritable spin memory for potential applications in
spintronics and quantum information systems," Tian said.

This "writing current" could be likened to recording the ones and zeroes in a computer's memory.

"However, a better analog is that of a battery," Chen said. "The writing current is like a charging
current. It's slow, just like charging your iPhone for an hour or two, and then it can output power for
several days. That's the similar idea. We charge up this spin battery using this writing current in half
an hour or one hour and then the spins stay polarized for two days, like a rechargeable battery."

The finding was a surprise.

"This was not predicted nor something we were looking for when we started the experiment," he
said. "It was an accidental discovery, thanks to Jifa's patience and persistence, running and repeating
the measurements many times, and effectively charging up the spin battery to output a measurable
persistent spin polarization signal."

The researchers are unsure what causes the effect. However, one theory is that the spin- polarized
electrons might be transferring their polarization to the atomic nuclei in the material. This
hypothesis as a possible explanation to the experiment was proposed by Supriyo Datta, Purdue's
Thomas Duncan Distinguished Professor of Electrical and Computer Engineering and the leader of
the recently launched Purdue "spintronics preeminent team initiative."

"In one meeting, Professor Datta made the critical suggestion that the persistent spin signal Jifa
observed looked like a battery," Chen said. "There were some analogous experiments done earlier
on a nuclear spin powered battery, although they typically required much more challenging
conditions such as high magnetic fields. Our observation so far is consistent with the effect also
arising from the nuclear spins, even though we don't have direct evidence."

Nuclear spin has implications for development of quantum memory and quantum computing.

"And now we have an electrical way to achieve this, meaning it is potentially useful for quantum
circuits because you can just pass current and you polarize nuclear spin," Chen said. "Traditionally
that has been very difficult to achieve. Our spin battery based on topological insulators works even
at zero magnetic field, and moderately low temperatures such as tens of kelvins, which is very
unusual."



Seokmin Hong, a former Purdue doctoral student working with Datta who is now a software
engineer at Intel Corp., said, "While an ordinary charged battery outputs a voltage that can be used
to drive a charge current, a 'spin battery' outputs a 'spin voltage,' or more precisely a chemical
potential difference between the spin up and spin down electrons, that can be used to drive a non-
equilibrium spin current."”

The researchers used small flakes of a material called bismuth tellurium selenide. It is in the same
class of materials as bismuth telluride, which is behind solid-state cooling technologies such as
commercial thermoelectric refrigerators. However, unlike the commercial grade material that is a
"doped" bulk semiconductor, the material used in the experiment was carefully produced to have
ultra-high-purity and little doping in the bulk so the conduction is dominated by the spin-polarized
electrons on the surface. It was synthesized by research scientist Ireneusz Miotkowski in the
semiconductor bulk crystal lab managed by Chen in Purdue's Department of Physics and Astronomy.
The devices were fabricated by Tian in the Birck Nanotechnology Center in Purdue's Discovery Park.

The paper was authored by Tian; Hong; and Miotkowski, Datta, and Chen.

Future research will include work to probe what causes the effect by directly probing the nuclear
spin, and also to explore how this spin battery can be used in potential practical applications. [14]

Potential new applications stem from controlling particles' spin

configurations

Fermions are ubiquitous elementary particles. They span from electrons in metals, to protons and
neutrons in nuclei and to quarks at the sub-nuclear level. Further, they possess an intrinsic degree of
freedom called spin with only two possible configurations, either up or down. In a new study
published in EPJ B, theoretical physicists explore the possibility of separately controlling the up and
down spin populations of a group of interacting fermions. Their detailed theory describing the spin
population imbalance could be relevant, for instance, to the field of spintronics, which exploits
polarised spin populations.

Imbalanced Fermi particle mixtures occur in matter like, for example, semiconductors placed in a
magnetic field, in nuclear matter, and in the plasma of neutron stars, which combines the
elementary sub-particles quarks and gluons. Pierbiagio Pieri and Giancarlo Calvanese Strinati from
the University of Camerino, Italy, focused on an interacting fermion system where the up and down
spin populations are imbalanced. They extended the proof of a theorem that was originally
conceived for the exact theory of a Fermi liquid with equal populations of up and down spin, called
the Luttinger theorem, to these imbalanced systems.

Previous experimental observations involved separately controlling the number of fermions with a
given spin, leading to free movement with no viscosity in the gas particles, reaching a superfluid
state. The work by Wolfgang Ketterle and his group at MIT, USA, in 2008, also demonstrated that the
difference between two spin populations can be made so large that superfluidity is destroyed and
the system remains normal even at zero temperature.

In turn, this latest theoretical work introduces a constraint that is key to numerical calculations for
such large quantum many-body systems, namely that the radii of the two Fermi spheres, which



characterise the non-interacting systems of spin-up and spin-down fermions, are separately
preserved when the interaction between the spin-up and spin-down fermions is initiated. [13]

Controlling quantum states atom by atom

Applications of quantum mechanics are often compromised by the fundamental property of quanta:
any measurement inevitably modifies the measured state. Technologies such as quantum computers
can be designed only on the basis of known, clearly defined and simple interactions between
individual components. The Department of Physics at the University of Basel together with the Swiss
Nanoscience Institute has now developed a method that can be used to study these kinds of
interactions in a well-defined system.

Similar to a breadboard in electrical engineering

Breadboards are used in electronic measurement technology to design and test prototypes of
electronic circuits and for teaching purposes. The procedure developed by the international
consortium led by Prof. Thomas Jung of the University of Basel works in a similar way: for the first
time, the new method allows researchers to configure a network of quantum boxes in order to form
various quantum electronic states. A quantum box is an artificially produced structure that restricts a
particle's movements, so that it can move in only two dimensions. This reduces the complexity of a
particle interaction and simplifies the process of measurement and analysis.

The research team refined an established method in which atoms are repositioned one after the
other using scanning tunneling microscopy, allowing the creation of clearly defined quantum sys-
tems. Through the targeted relocating of xenon atoms in quantum boxes, the team succeeded in
generating different patterns that correspond to a wide range of quantum states.

Essential tool for quantum technology

The development of quantum technology relies on a detailed understanding of the interdependence
between different electronic states; for example, in various atoms. With the physicists' method,
guantum states can be accurately reproduced and interactions between various chemical elements
and well-defined electronic states examined - an "unlimited playing field for the study of quantum
states", as the researchers write in Small.

A range of institutions contributed to the project's success: the theory was outlined by researchers
from Link6ping (Sweden), the molecules used were synthesized in Heidelberg (Germany), and
scientists from San Sebastian (Spain) were responsible for some of the complex measurements of
the specific quantum states. [12]

Solving hard quantum problems: Everything is connected

Quantum systems are extremely hard to analyse if they consist of more than just a few parts. It is
not difficult to calculate a single hydrogen atom, but in order to describe an atom cloud of several
thousand atomes, it is usually necessary to use rough approximations. The reason for this is that
guantum particles are connected to each other and cannot be described separately. Kaspar Sakmann
(TU Wien, Vienna) and Mark Kasevich (Stanford, USA) have now shown in an article published in
Nature Physics ("Single-shot simulations of dynamic quantum many-body systems") that this



problem can be overcome. They succeeded in calculating effects in ultra-cold atom clouds which can
only be explained in terms of the quantum correlations between many atoms. Such atom clouds are
known as Bose-Einstein condensates and are an active field of research.

Quantum Correlations

Quantum physics is a game of luck and randomness. Initially, the atoms in a cold atom cloud do not
have a predetermined position. Much like a die whirling through the air, where the number is yet to
be determined, the atoms are located at all possible positions at the same time. Only when they are
measured, their positions are fixed. "We shine light on the atom cloud, which is then absorbed by
the atoms", says Kaspar Sakmann. "The atoms are photographed, and this is what determines their
position. The result is completely random."

There is, however, an important difference between quantum randomness and a game of dice: if
different dice are thrown at the same time, they can be seen as independent from each other.
Whether or not we roll a six with die number one does not influence the result of die number seven.
The atoms in the atom cloud on the other hand are quantum physically connected. It does not make
sense to analyse them individually, they are one big quantum object. Therefore, the result of every
position measurement of any atom depends on the positions of all the other atoms in a
mathematically complicated way.

"It is not hard to determine the probability that a particle will be found at a specific position", says
Kaspar Sakmann. "The probability is highest in the centre of the cloud and gradually diminishes
towards the outer fringes." In a classically random system, this would be all the information that is
needed. If we know that in a dice roll, any number has the probability of one sixth, then we can also
determine the probability of rolling three ones with three dice. Even if we roll five ones
consecutively, the probability remains the same the next time. With quantum particles, it is more
complicated than that.

"We solve this problem step by step", says Sakmann. "First we calculate the probability of the first
particle being measured on a certain position. The probability distribution of the second particle
depends on where the first particle has been found. The position of the third particle depends on the
first two, and so on." In order to be able to describe the position of the very last particle, all the
other positions have to be known. This kind of quantum entanglement makes the problem
mathematically extremely challenging.

Only Correlations Can Explain the Experimental Data

But these correlations between many particles are extremely important - for example for calculating
the behaviour of colliding Bose-Einstein-condensates. "The experiment shows that such collisions
can lead to a special kind of quantum waves. On certain positions we find many particles, on an
adjacent position we do not find any", says Kaspar Sakmann. "If we consider the atoms separately,
this cannot be explained. Only if we take the full quantum distribution into account, with all its
higher correlations, these waves can be reproduced by our calculations."

Also other phenomena have been calculated with the same method, for instance Bose-Einstein-
condensates which are stirred with a laser beam, so that little vortices emerge - another typical
guantum many-particle-effect. "Our results show how important theses correlations are and that it
is possible to include them in quantum calculations, in spite of all mathematical difficulties", says



Sakmann. With certain modifications, the approach can be expected to be useful for many other
guantum systems as well. [11]

Physicists find quantum coherence and quantum entanglement are
two sides of the same coin

Quantum coherence and quantum entanglement are two landmark features of quantum physics,
and now physicists have demonstrated that the two phenomena are "operationally equivalent"—
that is, equivalent for all practical purposes, though still conceptually distinct. This finding allows
physicists to apply decades of research on entanglement to the more fundamental but less-well-
researched concept of coherence, offering the possibility of advancing a wide range of quantum
technologies.

Close relatives with the same roots
Although physicists have known that coherence and entanglement are close relatives, the exact
relationship between the two resources has not been clear.

It's well-known that quantum coherence and quantum entanglement are both rooted in the
superposition principle—the phenomenon in which a single quantum state simultaneously consists
of multiple states—but in different ways. Quantum coherence deals with the idea that all objects
have wave-like properties. If an object's wave-like nature is split in two, then the two waves may
coherently interfere with each other in such a way as to form a single state that is a superposition of
the two states. This concept of superposition is famously represented by Schrodinger's cat, which is
both dead and alive at the same time when in its coherent state inside a closed box. Coherence also
lies at the heart of quantum computing, in which a qubit is in a superposition of the "0" and "1"
states, resulting in a speed-up over various classical algorithms. When such a state experiences
decoherence, however, all of its quantumness is typically lost and the advantage vanishes.

The second phenomenon, quantum entanglement, also involves superposition. But in this case, the
states in a superposition are the shared states of two entangled particles rather than those of the
two split waves of a single particle. The intrigue of entanglement lies in the fact that the two
entangled particles are so intimately correlated that a measurement on one particle instantly affects
the other particle, even when separated by a large distance. Like coherence, quantum entanglement
also plays an essential role in quantum technologies, such as quantum teleportation, quantum
cryptography, and super dense coding.

Converting one to the other

In a paper to be published in Physical Review Letters, physicists led by Gerardo Adesso, Associate
Professor at the University of Nottingham in the UK, with coauthors from Spain and India, have
provided a simple yet powerful answer to the question of how these two resources are related: the
scientists show that coherence and entanglement are quantitatively, or operationally, equivalent,
based on their behavior arising from their respective resource theories.



The physicists arrived at this result by showing that, in general, any nonzero amount of coherence in
a system can be converted into an equal amount of entanglement between that system and another
initially incoherent one. This discovery of the conversion between coherence and entanglement has
several important implications. For one, it means that quantum coherence can be measured through
entanglement. Consequently, all of the comprehensive knowledge that researchers have obtained
about entanglement can now be directly applied to coherence, which in general is not nearly as well-
researched (outside of the area of quantum optics). For example, the new knowledge has already
allowed the physicists to settle an important open question concerning the geometric measure of
coherence: since the geometric measure of entanglement is a "full convex monotone," the same can
be said of the associated coherence measure. As the scientists explained, this is possible because the
new results allowed them to define and quantify one resource in terms of the other.

"The significance of our work lies in the fact that we prove the close relation between entanglement
and coherence not only qualitatively, but on a quantitative level," coauthor Alex Streltsov, of ICFO-
The Institute of Photonic Sciences in Barcelona, told Phys.org. "More precisely, we show that any
quantifier of entanglement gives rise to a quantifier of coherence. This concept allowed us to prove
that the geometric measure of coherence is a valid coherence quantifier, thus answering a question
left open in several previous works."

While the results show that coherence and entanglement are operationally equivalent, the physicists
explain that this doesn't mean that are the exact same thing, as they are still conceptually different
ideas.

"Despite having the same roots of origin, namely quantum superposition, coherence and
entanglement are conceptually different," said coauthors Uttam Singh, Himadri Dhar, and
Manabendra Bera at the Harish-Chandra Research Institute in Allahabad, India. "For example,
coherence can be present in single quantum systems, where entanglement is not well-defined. Also,
coherence is defined with respect to a given basis, while entanglement is invariant under local basis
changes. In all, we believe coherence and entanglement are operationally equivalent but
conceptually different."

Future quantum connections

The operational equivalence of coherence and entanglement will likely have a far-reaching impact
on areas ranging from quantum information theory to more nascent fields such as quantum biology
and nanoscale thermodynamics. In the future, the physicists plan to investigate whether coherence
and entanglement might also be interconverted into a third resource—that of quantum discord,
which, like entanglement, is another type of quantum correlation between two systems.

"Our future plans are diverse," Adesso said. "On the theoretical side, we are working to construct a
unified framework to interpret, classify and quantify all different forms of quantum resources,
including and beyond entanglement and coherence, and highlight the interlinks among them from
an operational perspective. This will allow us to navigate the hierarchy of quantumness indicators in
composite systems with a common pilot, and to appreciate which particular ingredients are needed
in various informational tasks.

"On the practical side, we are investigating experimentally friendly schemes to detect, quantify, and
preserve coherence, entanglement and other quantum correlations in noisy environments. More



fundamentally, we hope these results will inspire us to devise scalable and efficient methods to
convert between different quantum resources for technological applications, and bring us closer to
understanding where the boundaries of the quantum world ultimately lie in realistic scenarios." [10]

Quantum entanglement

Measurements of physical properties such as position, momentum, spin, polarization, etc.
performed on entangled particles are found to be appropriately correlated. For example, if a pair of
particles is generated in such a way that their total spin is known to be zero, and one particle is
found to have clockwise spin on a certain axis, then the spin of the other particle, measured on the
same axis, will be found to be counterclockwise. Because of the nature of quantum measurement,
however, this behavior gives rise to effects that can appear paradoxical: any measurement of a
property of a particle can be seen as acting on that particle (e.g. by collapsing a number of
superimposed states); and in the case of entangled particles, such action must be on the entangled
system as a whole. It thus appears that one particle of an entangled pair "knows" what
measurement has been performed on the other, and with what outcome, even though there is no
known means for such information to be communicated between the particles, which at the time of
measurement may be separated by arbitrarily large distances. [4]

Quantum Biology

The human body is a constant flux of thousands of chemical/biological interactions and processes
connecting molecules, cells, organs, and fluids, throughout the brain, body, and nervous system. Up
until recently it was thought that all these interactions operated in a linear sequence, passing on
information much like a runner passing the baton to the next runner. However, the latest findings in
guantum biology and biophysics have discovered that there is in fact a tremendous degree of
coherence within all living systems.

Quantum Consciousness

Extensive scientific investigation has found that a form of quantum coherence operates within living
biological systems through what is known as biological excitations and biophoton emission. What
this means is that metabolic energy is stored as a form of electromechanical and electromagnetic
excitations. These coherent excitations are considered responsible for generating and maintaining
long-range order via the transformation of energy and very weak electromagnetic signals. After
nearly twenty years of experimental research, Fritz-Albert Popp put forward the hypothesis that
biophotons are emitted from a coherent electrodynamics field within the living system.

What this means is that each living cell is giving off, or resonating, a biophoton field of coherent
energy. If each cell is emitting this field, then the whole living system is, in effect, a resonating field-a
ubiquitous nonlocal field. And since biophotons are the entities through which the living system
communicates, there is near-instantaneous intercommunication throughout. And this, claims Popp,
is the basis for coherent biological organization -- referred to as quantum coherence. This discovery
led Popp to state that the capacity for evolution rests not on aggressive struggle and rivalry but on
the capacity for communication and cooperation. In this sense the built-in capacity for species
evolution is not based on the individual but rather living systems that are interlinked within a



coherent whole: Living systems are thus neither the subjects alone, nor objects isolated, but both
subjects and objects in a mutually communicating universe of meaning. . .. Just as the cells in an
organism take on different tasks for the whole, different populations enfold information not only for
themselves, but for all other organisms, expanding the consciousness of the whole, while at the
same time becoming more and more aware of this collective consciousness.

Quantum Cognition

Human Perception

A Bi-stable perceptual phenomenon is a fascinating topic in the area of perception. If a stimulus has
an ambiguous interpretation, such as a Necker cube, the interpretation tends to oscillate across
time. Quantum models have been developed to predict the time period between oscillations and
how these periods change with frequency of measurement. Quantum theory has also been used for
modeling Gestalt perception, to account for interference effects obtained with measurements of
ambiguous figures. [6]

Human memory

The hypothesis that there may be something quantume-like ab