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Figure 1. Differential resistance, dV/dI, vs. bias voltage (left), and at zero-bias vs. temperature (right),
across the boundary between ion-implanted and unimplanted regions of a CDW crystal, NbSe3 (as

compared to a pristine sample, inset on the left and black triangles on the right). Note the abrupt drop
in zero-bias resistance below 46 K, as shown by the red circles on the right. (12)

John H. Miller, Jr., University of Houston (UH), from the Dept. of
Physics and Texas Center for Superconductivity, explains
collective quantum phenomena and their applications

The evidence supporting the quantum behavior of electrons, as well as every other
known particle in the universe, is overwhelming. On the centennial anniversary of Max
Planck’s seminal paper on energy quantization , Kleppner and Jackiw pointed out,
“Quantum theory is the most precisely tested and most successful theory in the history of
science”. 

Collective quantum phenomena explored

Here, we discuss systems that show collective quantum electron transport. These include
superconductors, Josephson junctions (JJs) , and superconducting quantum
computers.  The latter require milli-Kelvin (mK) temperatures using large dilution
refrigerators. Other systems, however, show long-range, collective quantum behaviors at
much higher temperatures. High-temperature superconductors and charge density waves

 are notable examples.

Coherent tunneling of paired electrons, between two superconductors through an
insulating barrier, is a remarkable phenomenon first predicted by Brian Josephson. 
Two JJs in parallel, each on a branch of a superconducting ring, form a dc SQUID
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(superconducting quantum interference device). The total critical current of a dc SQUID is
a periodic function of magnetic flux. The periodicity is h/2e, where h is Planck’s constant
and e is the elementary electric charge.

A related device, the rf SQUID, consists of a single JJ in a superconducting ring, which
can couple to a radiofrequency (rf) tank circuit. SQUIDs, embedded within flux-locked
loop electronics, create extremely sensitive magnetic sensors. Applications include
biomagnetism of the brain, heart, and other organs, geomagnetism, and non-destructive
evaluation of conductive materials.

When cooled to mK temperatures, a JJ or SQUID reveals quantized energy levels.  An
rf or dc SQUID forms a flux qubit, while the dc SQUID facilitates tunability of another type
of qubit known as the transmon. The transmon consists of a JJ or dc SQUID, with
nonlinear kinetic inductance, in parallel with a capacitance. The resulting nonlinear LC
circuit leads to quantized energy levels with unequal spacings. The transmon artificial
atom is the most widely used qubit in superconducting quantum computers, currently
unparalleled in the number of entangled qubits achieved.

The charge density wave (CDW) is a condensate of electrons, coupled to a condensate
of lattice vibrations known as phonons, in layered quasi-1D and -2D materials. 
CDWs show evidence for collective electron transport above the boiling point of water in
some materials, such as NbS3. Early versions of a quantum theory of CDW electron
transport were proposed by two-time Nobel laureate John Bardeen  and correlated
with experiments by the author, together with John Bardeen and other collaborators. 
Bardeen’s theory was extended into a model of coherent, Josephson-like tunneling, of
solitons or paired electrons coupled to phonons, by the author and collaborators. 

The possibility of Josephson-like tunneling of paired electrons, between fluidic electron-
and hole-like CDW domain walls, is suggested by several experiments 

. These include h/2e-periodic quantum interference in CDW current vs. magnetic
flux in NbSe3 crystals with columnar defects and in TaS3 rings.

Another intriguing experiment suggests a phase transition, at around 45 K, to an incipient
superconducting or superfluid state in a fluidic domain wall near the boundary between
boron-implanted and unimplanted regions of NbSe3 , as shown in Fig. 1.

Quantum computing applications

A potential application of CDWs is quantum reservoir computing to enhance learning
speeds of artificial neural networks. . A more speculative possibility is circuit-based
quantum computing, with hybrid CDW-superconductor hybrid devices, at higher-than-mK
temperatures.  The development of such applications will require deeper
understanding of the underlying quantum behavior of electrons and phonons within the
CDW condensate.
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