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Superconductor Exhibits “Glassy”
Electronic Phase
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In all previously observed forms of charge order in cuprates, charge-density waves were aligned to

the copper-oxygen bond directions. In reciprocal space (left), this can be visualized as an ordered

state with fourfold symmetry (C,). In real space (right), this corresponds to a checkerboard pattern

of the carrier density (scale bar ~4 unit cells).

Superconductivity and
charge order

At extremely low temperatures,
superconductors conduct electricity
without resistance, a characteristic that’s
already being used in cryogenically cooled
power lines and quantum-computer
prototypes. To apply this characteristic
more widely, however, it’s necessary to
raise the temperature at which materials
become superconducting. Unfortunately,
the exact mechanism by which this
happens remains unclear.

Recently, scientists found that elec-
trons in cuprate superconductors can
self-organize into charge-density waves—
periodic modulations in electron density
that hinder the flow of electrons. As this
effect is antagonistic to superconductivity,

tremendous effort has been devoted to
fully characterizing this charge-order
phase and its interplay with high-tempera-
ture superconductivity.

Electron-doped cuprates

Cuprate materials doped with electrons
are particularly interesting because their
superconducting phases can coexist with
antiferromagnetic and charge-order
phases. In this work, researchers studied
thin films of two electron-doped cuprate
superconductors: neodymium copper oxide
(Nd,Cu0,) and praseodymium copper oxide
(Pr,CuO,).

Although previous studies found that
charge-density waves align parallel to the
copper-oxide bonds in cuprate materials,
the situation can be more complex in the
presence of the strong electron-electron

Scientific
Achievement

Using the Advanced Light Source
(ALS) and other synchrotron facili-
ties, researchers discovered that
electrons in a high-temperature
superconductor can exhibit a new
type of collective behavior that

is more “glassy” (disordered)

than expected.

Significance
and Impact

The study provides valuable insight
into the nature of collective electron
behaviors and how they relate to
high-temperature superconductivity.

interactions found in superconductors.
In this work, the researchers broadened
the investigation of charge order by
performing diffraction experiments along
multiple directions.

Crystallography of electrons

Resonant soft x-ray diffraction (RSXD)
is a recently developed diffraction tech-
nique that enables crystallography on
periodic structures formed by electrons,
rather than exclusively on the atomic
lattice, as in conventional x-ray diffraction.
However, because the scattering strength
of charge-density waves in cuprates is very
low, the researchers must maximize the
small signal by tuning the photons to the
appropriate resonances (in this case, the
copper L -edge and oxygen K-edge).
Therefore, high energy resolution and
precise energy tunability of the light



Schematic of the experimental geometry. Blue
dashed arrows represent the wave vectors of

incoming (K, ) and outgoing (K_ ) photons,

out!

whose difference defines the total momentum
transfer Q to the sample.

source are essential. Moreover, since RSXD
is a photon-hungry technique, a high flux
of incident x-rays is also required. The
researchers therefore brought their
samples to ALS Beamline 4.0.2, as well as
to beamlines at the Berlin Electron Storage
Ring (BESSY Il) and the Canadian Light
Source, which offer the requisite tunability,
photon energy range, photon flux, tempera-
ture range, detectors, and scattering geom-
etries required for successful detection of
charge-density waves.

A new phenomenon

When charge order is aligned to the
copper-oxygen bond directions, the data
inreciprocal space displays a fourfold
symmetry. In real space, this corresponds
to a bidirectional modulation in the charge
density (i.e., a checkerboard pattern).
However, the data revealed something
completely different: in samples with low
electron doping, an electron wave was
detected propagating in all directions. In
real space, this corresponds to a new type
of electronic ordering, where electrons
form a periodic array but without any orien-
tational preference. The tendency to form
electronicripples in all directions is indica-
tive of an amorphous glass of electrons
a“Wigner glass”).

Calculations revealed that this behavior
arises from the strong interplay between
antiferromagnetism and charge order.
Specifically, in the low-doping limit, antifer-
romagnetism coexists with charge order
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At low doping levels, the charge correlations in the copper-oxide plane possess full rotational sym-

metry (C, ) in reciprocal space (left), in marked contrast to all previous reports of bond-oriented

charge order in cuprates. In real space (right), this corresponds to a “glassy” state with an apparent

tendency to periodic ordering, but without any preference in orientation (scale bar ~5 unit cells).

and strongly influences the symmetry of
the latter. Correspondingly, in the high-
doping limit, where antiferromagnetism
disappears, the charge-density waves

pattern. The results will challenge experts
to rethink their understanding of charge
order and its implications for the origins
of high-temperature superconductivity.

revert to the more familiar checkerboard
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