
 

Propagating "charge density wave"
fluctuations are seen in superconducting
copper oxides for the first time
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This sketch shows how resonant inelastic X-ray scattering (RIXS) helps scientists
understand the electronic behavior of copper oxide materials. An X-ray photon
aimed at the sample (blue arrow) is absorbed by a copper atom, which then emits
a new, lower-energy photon (red arrow) as it relaxes. The amount of momentum
transferred and energy lost in this process can induce changes in the charge
density waves thought to be important in high-temperature superconductivity.
Credit: Wei-Sheng/SLAC National Accelerator Laboratory
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An international team led by scientists from the Department of Energy's
SLAC National Accelerator Laboratory and Stanford University has
detected new features in the electronic behavior of a copper oxide
material that may help explain why it becomes a perfect electrical
conductor – a superconductor – at relatively high temperatures.

Using an ultrahigh-resolution X-ray instrument in France, the
researchers for the first time saw dynamic behaviors in the material's
charge density wave (CDW) – a pattern of electrons that resembles a
standing wave – that lend support to the idea that these waves may play a
role in high-temperature superconductivity.

Data taken at low (20 kelvins) and high (240 kelvins) temperatures
showed that as the temperature increased, the CDW became more
aligned with the material's atomic structure. Remarkably, at the lower
temperature, the CDW also induced an unusual increase in the intensity
of the oxide's atomic lattice vibrations, indicating that the dynamic
CDW behaviors can propagate through the lattice.

"Previous research has shown that when the CDW is static, it competes
with and diminishes superconductivity," said co-author Wei-Sheng Lee,
a SLAC staff scientist and investigator with the Stanford Institute for
Materials and Energy Sciences (SIMES), which led the study published
June 12 in Nature Physics. "If, on the other hand, the CDW is not static
but fluctuating, theory tells us they may actually help form
superconductivity."

A Decades-long Search for an Explanation

The new result is the latest in a decades-long search by researchers
worldwide for the factors that enable certain materials to become
superconducting at relatively high temperatures.
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Since the 1950s, scientists have known how certain metals and simple
alloys become superconducting when chilled to within a few degrees of
absolute zero: Their electrons pair up and ride waves of atomic
vibrations that act like a virtual glue to hold the pairs together. Above a
certain temperature, however, the glue fails as thermal vibrations
increase, the electron pairs split up and superconductivity disappears.

In 1986, complex copper oxide materials were found to become
superconducting at much higher – although still quite cold –
temperatures. This discovery was so unexpected it caused a worldwide
scientific sensation. By understanding and optimizing how these
materials work, researchers hope to develop superconductors that work
at room temperature and above.

At first, the most likely glue holding superconducting electron pairs
together at higher temperatures seemed to be strong magnetic excitations
created by interactions between electron spins. But in 2014, a theoretical
simulation and experiments led by SIMES researchers concluded that
these high-energy magnetic interactions are not the sole factor in copper
oxide's high-temperature superconductivity. An unanticipated CDW also
appeared to be important.

The latest results continue the SIMES collaboration between experiment
and theory. Building upon previous theories of how electron interactions
with lattice vibrations can be probed with resonant inelastic X-ray
scattering, or RIXS, the signature of CDW dynamics was finally
identified, providing additional support for the CDW's role in
determining the electronic structure in superconducting copper oxides.

The Essential New Tool: RIXS

The new results are enabled by the development of more capable
instruments employing RIXS. Now available at ultrahigh resolution at
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the European Synchrotron Radiation Facility (ESRF) in France, where
the team performed this experiment, RIXS will also be an important
feature of SLAC's upgraded Linac Coherent Light Source X-ray free-
electron laser, LCLS-II. The combination of ultrahigh energy resolution
and a high pulse repetition rate at LCLS-II will enable researchers to see
more detailed CDW fluctuations and perform experiments aimed at
revealing additional details of its behavior and links to high-temperature
superconductivity. Most importantly, researchers at LCLS-II will be able
to use ultrafast light-matter interactions to control CDW fluctuations and
then take femtosecond-timescale snapshots of them.

RIXS involves illuminating a sample with X-rays that have just enough
energy to excite some electrons deep inside the target atoms to jump up
into a specific higher orbit. When the electrons relax back down into
their previous positions, a tiny fraction of them emit X-rays that carry
valuable atomic-scale information about the material's electronic and
magnetic configuration that is thought to be important in high-
temperature superconductivity.

"To date, no other technique has seen evidence of propagating CDW
dynamics," Lee said.

RIXS was first demonstrated in the mid-1970s, but it could not obtain
useful information to address key problems until 2007, when Giacomo
Ghiringhelli, Lucio Braicovich at Milan Polytechnic in Italy and
colleagues at Swiss Light Source made a fundamental change that
improved its energy resolution to a level where significant details
became visible – technically speaking to about 120 milli-electronvolts
(meV) at the relevant X-ray wavelength, which is called a copper L edge.
The new RIXS instrument at ESRF is three times better, routinely
attaining an energy resolution down to 40 meV. Since 2014, the Milan
group has collaborated with SLAC and Stanford scientists in their RIXS
research.
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"The new ultrahigh resolution RIXS makes a huge difference," Lee said.
"It can show us previously invisible details."

  More information: L. Chaix et al. Dispersive charge density wave
excitations in Bi2Sr2CaCu2O8+?, Nature Physics (2017). DOI:
10.1038/nphys4157 
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