
 

Cuprate materials have fluctuating stripes
that may be linked to high-temperature
superconductivity
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An animation based on computer simulations shows stripes of electron charge
(white atoms) and spin (red and blue atoms) in a copper-based superconducting
material. The stripes are zones where electrons either pile up, creating bands of
negative charge, or align their spins (arrows) in a particular pattern to create
bands of magnetism. A computational study by researchers at SLAC and
Stanford shows these stripes are present in a subtle, fluctuating form at high
temperatures. The results will help researchers test theories about how stripes
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may be related to high-temperature superconductivity. Credit: Farrin
Abbott/SLAC National Accelerator Laboratory

Scientists at the Department of Energy's SLAC National Accelerator
Laboratory and Stanford University have shown that copper-based
superconductors, or cuprates – the first class of materials found to carry
electricity with no loss at relatively high temperatures – contain
fluctuating stripes of electron charge and spin that meander like rivulets
over rough ground.

The stripes are zones where electrons either pile up, creating bands of
negative charge, or align their spins to create bands of magnetism. They
were previously known to exist in cuprate superconductors at
temperatures near absolute zero, although in this deep chill the stripes
did not move around and their exact role in superconductivity – do they
boost or squelch it? – has been unclear.

Now the researchers have computationally demonstrated for the first
time that these stripes also exist at high temperatures, but they are subtle
and fluctuate in a way that could only be discovered through numerical
computer simulations of a precision and scale not done before. The
scientists described their study in Science today.

"There's reason to think that stripes of charge and spin may be intimately
tied to the emergence of high-temperature superconductivity in these 
materials, which was discovered 30 years ago but so far is not
understood or explained," said Edwin Huang, a physics graduate student
at Stanford and at the Stanford Institute for Materials and Energy
Sciences (SIMES) at SLAC.

"This discovery of fluctuating stripes in a realistic computer model will
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give us a way to test the many theories about how stripes are related to
superconductivity," Huang said. "We think our results will be useful for
scientists doing experimental studies of these materials, and they'll also
help develop and refine the computational techniques that go hand in
hand with theory and experiments to push the field forward."

The results also apply to other novel materials, said SIMES Director
Thomas Devereaux. "Materials that spontaneously develop this sort of
non-uniform structure are quite commonplace, including magnets and
ferroelectrics," he said. "It can even be thought of as a signature of
'quantum' materials, whose surprising properties are produced by
electrons that cooperate in unexpected ways. Our numerical results
demonstrate that this phenomenon can generally be related to strong
interactions between electron charges and spin."

A Mysterious Phenomenon

In conventional electrical conductors, current is transmitted by electrons
acting individually. But in superconductors, electrons pair up to transmit
current with virtually no loss.

For 75 years after their discovery, all known superconductors operated
only at temperatures close to absolute zero, limiting the way they could
be used.

That changed in 1986, when scientists discovered that cuprates could
superconduct at much higher (although still quite chilly) temperatures. In
fact, certain cuprate compounds are superconducting at temperatures
higher than 100 kelvins, or minus 173 degrees Celsius, allowing
development of superconducting technologies that can be chilled with
liquid nitrogen.

But researchers are still far from their goal of finding superconductors
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that operate at close to room temperature for highly efficient power
lines, maglev trains and other applications that could have a profound
impact on society. Without a fundamental understanding of how high-
temperature superconductors work, progress has been slow.

Computer modeling is a critical tool for achieving that understanding.
Models are sets of mathematical equations based on physics that
theorists create and continually refine to simulate a material's behavior
using computer algorithms. They check their models against
observations and experimental results to make sure they're on the right
track.

In this case, the team modeled electron behavior and interactions in one
of a cuprate's copper oxide layers, which is where the interesting physics
happens, said SIMES staff scientist Brian Moritz. The calculations were
run on Stanford's Sherlock supercomputer cluster at SLAC and at the
DOE's National Energy Research Scientific Computing Center in
Berkeley.

The results were in good agreement with data from neutron scattering
experiments on a variety of cuprates, the scientists said, confirming that
their simulations accurately capture the electronic physics of these
materials.

A More Accurate Model

This is the first time the high-temperature behavior of cuprates has been
simulated with a realistic model that covers a large enough area of the
material to see fluctuating stripes, Huang said. This larger scale also
makes the calculations more accurate.

"There was a fine balance we needed to strike," he said. "These are
extremely computationally demanding calculations. But if you simulate
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the behavior of smaller areas, you won't be able to see any stripes that
emerge. That was the primary limitation of previous studies."

The simulations show that stripes emerge at temperatures up to 600
degrees Celsius and in a wide range of doping conditions, where
compounds are added to a material to tweak its electronic behavior, and
so they appear to be a universal trait of cuprate superconductors, the
researchers said.

"The idea that there are fluctuating stripes in cuprates is not new, but it
has been a controversial topic for many years," Huang said. "What's new
here is that we can support their existence using unbiased computation
on a realistic model of these materials."

One thing the study does not do, he added, is answer the question of
whether or how the fluctuating stripes figure into superconductivity:
"That is the direction we want to head toward."

  More information: Edwin W. Huang et al. Numerical evidence of
fluctuating stripes in the normal state of high-Tccuprate
superconductors, Science (2017). DOI: 10.1126/science.aak9546
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