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(Phys.org) —Years of experiments on various types of high-temperature (high-Tc) superconductors—materials that
offer hope for energy-saving applications such as zero-loss electrical power lines—have turned up an amazing array of
complex behaviors among the electrons that in some instances pair up to carry current with no resistance, and in others
stop the flow of current in its tracks. The variety of these exotic electronic phenomena is a key reason it has been so
hard to identify unifying concepts to explain why high-Tc superconductivity occurs in these promising materials.

Now Séamus Davis, a physicist who's conducted experiments on many of these materials at the U.S. Department of
Energy's (DOE) Brookhaven National Laboratory and Cornell University, and Dung-Hai Lee, a theorist at DOE's
Lawrence Berkeley National Laboratory and the University of California, Berkeley, postulate a set of key principles
for understanding the superconductivity and the variety of "intertwined" electronic phenomena that applies to all the
families of high-Tc superconductors. They describe these general concepts in a paper published in the Proceedings of
the National Academy of Sciences October 10, 2013.

"If we are right, this is kind of the 'light at the end of the tunnel' point," said Davis. "After decades of wondering which
are the key things we need to understand high-Tc superconductivity and which are the peripheral things, we think we
have identified what the essential elements are."

Said Lee, "The next step is to be able to predict which other materials will have these essential elements that will drive
high Tc superconductivity—and that ability is still under development."

The role of magnetism

In all known types of high-Tc superconductors—copper-based (cuprate), iron-based, and so-called heavy fermion
compounds—superconductivity emerges from the "extinction" of antiferromagnetism, the ordered arrangement of
electrons on adjacent atoms having anti-aligned spin directions. Electrons arrayed like tiny magnets in this alternating
spin pattern are at their lowest energy state, but this antiferromagnetic order is not beneficial to superconductivity.
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However if the interactions between electrons that cause antiferromagnetic order can be maintained while the actual
order itself is prevented, then superconductivity can appear. "In this situation, whenever one electron approaches
another electron, it tries to anti-align its magnetic state," Davis said. Even if the electrons never achieve
antiferromagnetic order, these antiferromagnetic interactions exert the dominant influence on the behavior of the
material. "This antiferromagnetic influence is universal across all these types of materials," Davis said.

Many scientists have proposed that these antiferromagnetic interactions play a role in the ability of electrons to
eventually pair up with anti-aligned spins—a condition necessary for them to carry current with no resistance. The
complicating factor has been the existence of many different types of "intertwined" electronic phases that also emerge
in the different types of high-Tc superconductors—sometimes appearing to compete with superconductivity and
sometimes coexisting with it.

Intertwined phases

In the cuprates, for example, regions of antiferromagnetic alignment can alternate with "holes" (vacancies formerly
occupied by electrons), giving these materials a "striped" pattern of charge density waves. In some instances this
striped phase can be disrupted by another phase that results in distortions of the stripes. In iron-based superconductors,
Davis' experiments revealed a nematic liquid-crystal-like phase. And in the heavy fermion superconductors, other
exotic electronic states occur.

"When so many intertwined phases were discovered in the cuprates, I was strongly discouraged because I thought,
'How are we going to understand all these phases?'" said Lee. But after the discovery of the iron-based
superconductors about five years ago, and their similarities with the cuprates, Lee began to believe there must be some
common factor. "Séamus was thinking along a similar line experimentally," he said.

In the current paper, Davis and Lee propose and demonstrate within a simple model that antiferromagnetic electron
interactions can drive both superconductivity and the various intertwined phases across different families of high-Tc
superconductors. These intertwined phases and the emergence of superconductivity, they say, can be explained by how
the antiferromagnetic influence interacts with another variable in their theoretical description, namely the "Fermi
surface topology."

"The Fermi surface is a property of all metals and provides a 'fingerprint' of the specific arrangements of electrons that
are free to move that is characteristic of each compound," Davis said. "It is controlled by how many electrons are in
the crystal, and by the symmetry of the crystal, among other things, so it is quite different in different materials."

The theory developed by Lee incorporates the overarching antiferromagnetic electron interactions and the known
differences in Fermi surface from material to material. Using calculations to "dial up" the strength of the magnetic
interactions or vary the Fermi surface characteristics, the theory can predict the types of electronic phases that should
emerge up to and including the superconductivity for all those different conditions.

"The basic assumption of our theory is that when we rip away all the complicated intertwined phases, underneath there
is an ordinary metal," said Lee. "It is the antiferromagnetic interactions in this metal that make the electrons want to
form the various states. The complex behavior originates from the system fluctuating from one state to another, e.g.,
from superconductor to charge density waves to nematic order. It is the antiferromagnetic interaction acting on the
underlying simple metal that causes all the complexity."

"So far this theory has correctly produced all the electronic phases that we have observed in each type of strongly
correlated superconductor," Davis said.

The next step is to search through new materials and use the theory to identify which should operate in similar
ways—and then put them to the test to see if they follow the predictions.

"It is one thing to say, 'If we have the key ingredients, then a material is likely to exhibit high Tc superconductivity.' It
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is quite another thing to know which materials will have these key characteristics,'" Lee said.

If the search pays off, it could lead to the identification or development of superconductors that can be used even more
effectively than those that are known today—potentially transforming our energy landscape.

 Explore further: 'Long-awaited explanation' for mysterious effects in high-temperature superconductors

More information: "Concepts relating magnetic interactions, intertwined electronic orders, and strongly correlated
superconductivity" www.pnas.org/content/early/2013/10/09/1316512110.full.pdf+html

Journal reference: Proceedings of the National Academy of Sciences  
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Atomic-scale visualization of electron pairing in iron superconductors

 May 03, 2012

(Phys.org) -- By measuring how strongly electrons are bound together to form Cooper pairs in an
iron-based superconductor, scientists at the U.S. Department of Energy's (DOE) Brookhaven National Laboratory, ...

Looking for 'Stripes' in High-Tc superconductors

 Mar 07, 2007

In LBCO, as in all materials, negatively charged electrons repel one another. But by trying to stay as far
apart as possible, each individual electron is confined to a limited space, which costs energy. To ...

'Long-awaited explanation' for mysterious effects in high-temperature superconductors
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 Jun 07, 2013

A German-French research team has constructed a new model that explains how the so-called pseudogap state forms
in high-temperature superconductors. The calculations predict two coexisting electron orders. ...

Imaging electron pairing in a simple magnetic superconductor

 Jul 14, 2013

In the search for understanding how some magnetic materials can be transformed to carry electric
current with no energy loss, scientists at the U.S. Department of Energy's Brookhaven National Laboratory, ...

Prediction of superconductivity in compounds based on iridium oxide opens a new chapter for
superconductors

 May 31, 2013

High-temperature superconductors are some of the most widely studied materials in physics, where the discovery of
new compounds often provides insight into the complex physics that underlies them, as well ...

Scientists create first computer-designed superconductor

 Oct 08, 2013

(Phys.org) —A Binghamton University scientist and his international colleagues report this week on the
successful synthesis of the first superconductor designed entirely on the computer. Their findings ...

Time warp: Researchers show possibility of cloning quantum information from the past

 Dec 06, 2013

(Phys.org) —Popular television shows such as "Doctor Who" have brought the idea of time travel into the vernacular
of popular culture. But problem of time travel is even more complicated than one might think. LSU's Mark ...

Quantum effects help cells capture light, but the details are obscure

 Dec 06, 2013

Sophisticated recent experiments with ultrashort laser pulses support the idea that intuition-defying quantum
interactions between molecules help plants, algae, and some bacteria efficiently gather light to fuel their growth. ...

Smashing protons into lead ions creates quark-gluon plasma that behaves like liquid

 Dec 06, 2013

The Large Hadron Collider (LHC) at CERN (European Organization for Nuclear Research) in
Switzerland is best known for its discovery of the Higgs boson, formed during collisions between bunches of protons
...

A grand unified theory of exotic superconductivity? Jan 2013

5 of 10



Reevaluation of 2005 measurement deepens mystery of neutron lifetime discrepancy

 Dec 06, 2013

(Phys.org) —A team of researchers from a variety of institutions in the U.S. has reevaluated a
measurement made of the lifetime of a neutron back in 2005 and in doing so has reduced the uncertainty of the ...

New superconductor theory may revolutionize electrical engineering

 Dec 06, 2013

(Phys.org) —High-temperature superconductors exhibit a frustratingly varied catalog of odd behavior,
such as electrons that arrange themselves into stripes or refuse to arrange themselves symmetrically ...

Study shows how water dissolves stone, molecule by molecule

 Dec 05, 2013

Scientists from Rice University and the University of Bremen's Center for Marine Environmental
Sciences (MARUM) in Germany have combined cutting-edge experimental techniques and computer simulations to
find ...
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1.8 / 5 (15) Oct 17, 2013
excellently written thank you. i've been reading sc research abstracts for years. this summary of the phenomena pulls
some of it into a summary . i like it.

Moebius

1.3 / 5 (10) Oct 18, 2013
Nice but it's a derived theory from known superconductors. It doesn't mean that there may not be other ways that
superconductivity can occur. For instance the holy grail of room temp superconductivity, if it exists, might require a
completely different form.

SeanReichle
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1 / 5 (2) Nov 08, 2013
I'm sure the correlation has already been made, but just in case... You'll find perfect symmetry for superconductivity
with Face Centered Cubic structure atoms:
Aluminum, Calcium, Nickel, Copper, Strontium, Rhodium, Palladium, Silver, Europium, Ytterbium, Iridium,
Platinum, Gold, Lead, Actinium, and Thorium . As well as the noble gasses: Helium, Neon, Argon, Krypton, Xenon.
Each will become super conductive given the correct conditions. Gold for example is a fantastic superconductor at
room temperature.

You'll be able to achieve short term superstate qualities from Simple Hexagonal's as they are the ferromagnetic
elements... under certain conditions.

'Spooky action' builds a wormhole between 'entangled' quantum particles

Quantum entanglement, a perplexing phenomenon of quantum mechanics that Albert Einstein once
referred to as "spooky action at a distance," could be even spookier than Einstein perceived.

Creation of entanglement simultaneously gives rise to a wormhole

Quantum entanglement is one of the more bizarre theories to come out of the study of quantum
mechanics—so strange, in fact, that Albert Einstein famously referred to it as "spooky action at a
distance."

Time warp: Researchers show possibility of cloning quantum information from the past

(Phys.org) —Popular television shows such as "Doctor Who" have brought the idea of time travel into the vernacular
of popular culture. But problem of time travel is even more complicated than one might think. LSU's Mark ...

New superconductor theory may revolutionize electrical engineering

(Phys.org) —High-temperature superconductors exhibit a frustratingly varied catalog of odd behavior,
such as electrons that arrange themselves into stripes or refuse to arrange themselves symmetrically ...

Mathematical scientist suggests possible test for existence of axions

(Phys.org) —A mathematical scientist with the Isaac Newton Institute for Mathematical Sciences at the
University of Cambridge, has proposed a possible way to test for the existence of axions—theoretical ...

3D printing used as a tool to explain theoretical physics

Students may soon be able to reach out and touch some of the theoretical concepts they are taught in
their physics classes thanks to a novel idea devised by a group of researchers from Imperial College
London.

Electrical control of single atom magnets

The energy needed to change the magnetic orientation of a single atom – which determines its magnetic
stability and therefore its usefulness in a variety of future device applications – can be modified ...
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Researchers film early concussion damage, describe brain's response to injury (w/ Video)

There is more than meets the eye following even a mild traumatic brain injury. While the brain may
appear to be intact, new findings reported in Nature suggest that the brain's protective coverings may fe
...

Gene CUX1 discovered to play part in one per cent of all cancers

Researchers have identified a gene that drives the development of tumours in over one per cent of all cancer patients.
This is the first time that the gene CUX1 has been broadly linked to cancer development.

New formula for fast, abundant hydrogen production may help power fuel cells

Scientists in Lyon, a French city famed for its cuisine, have discovered a quick-cook recipe for copious
volumes of hydrogen (H2).
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