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“Quantum materials”

0 Semiclassics

) Strong correlations

Superconductors
CDW/SDW Sgrongly correlated

Topological materials

-4 Emergence

Ultra-colil atoms

y/
‘ Quantum technology

 Robert Cava et al. - Introduction: Quantum Materials. Chemical Reviews 121, 2777 (2021)

* The rise of quantum materials. Nature Physics 12, 105 (2016)
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Introduction to quantum materials (QM)
and their key phenomena

- All the materials are quantum

- Electronic structure is a key

- Emergent phenomena

- Why Superconductors are QM®

» Other examples:
« TMD’s and Topological Insulators
° QMN+1



Classical oscillator - quantum oscillator

Amplitude



Wave = Interference = Quantization

Amplitude



Electronic structure under the ARPES microscope:

electron states are quantized
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Photoemission spectrum

Electronic Electronic excitation Probability to find electron
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Electron energy (eV)

Structure of electronic spectrum
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From plane waves to Bloch waves
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Electrons in a Weak Periodic Potential:
Band Gaps
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Electrons in a Weak Periodic Potential:

Band Gaps
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The electronic spectrum in the momentum-energy 3D space

TiSe, — “excitonic insulator”
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 All the materials are quantum
e Electronic structure is a key
 Emergent phenomena
« Why Superconductors are QMN
e Other examples:
—TMD’s and Topological Insulators
—QMN+1



Metal vs Insulator

SIS




Peierls transition
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Peierls transition and Fermi surface nesting
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Peierls gap and Fermi surface nesting
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CDW in TaSe,: commensurate CDW state
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The history of superconductivity: the beginning
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Mechanism of superconductivity: BCS

1957: BCS
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Experimental proof for the mechanism

of superconductivity “
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Superconducting
qubits
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What is macroscopic quantum tunneling?

How does Nobel Prize 2025 differs from
previous Nobel Prizes for superconductivity,
and how is it related to the development of quantum computers?
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Superconductivity and quantization

1911

1933

1935 -
1950

1950

1957

1957

1961

Discovery of superconductivity
(sudden disappearance of
electrical resistance)

Meissner effect (expulsion of the
magnetic field)

London theory (London equations)

Ginzburg—Landau theory
(phenomenological)

BCS theory — microscopic theory
of superconductivity

Discovery of type-I|
superconductors and Abrikosov
vortice

Magnetic flux quantizationin a
superconducting ring

Heike Kamerlingh Onnes

W. Meissner,
R. Ochsenfeld

F. & H. London

V. Ginzburg, L. Landau

Bardeen, Cooper, Schrieffer

A. Abrikosov

Deaver & Fairbank;
Doll & N3abauer




Superconductivity and quantum tunneling

I —_ Io Sirlés

D (1)

1962

1962-63

1973

1980-Ti

1986

1985-87

Josephson effect (tunneling of
Cooper pairs)

SQUID — an ultrasensitive
superconducting interferometer

Tunneling spectroscopy of
superconductors - A

Theory of fluctuations in 2D;
Berezinskii—Kosterlitz—Thouless
vortices

Discovery of high-temperature
superconductivity in cuprates

Macroscopic quantum
tunneling

Brian Josephson

J. Clarke, J. Zimmermann

lvar Giaever

Berezinskii, Kosterlitz,
Thouless

J. G. Bednorz & K. A. Miiller

John Clarke, Michel
Devoret, John Martinis







Macroscopic quantum tunnelling

Escape rate
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Superconducting qubits
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https://en.wikipedia.org/wiki/Superconducting_quantum_computing




Macroscopic quantum tunnelling in Ukraine

J. M. Martinis, M. H. Devoret, & J. Clarke, Experimental
tests for the quantum behavior

of a macroscopic degree of freedom: The phase difference
across a Josephson junction, Physical Review B, 35(10),
4682 (1987).

Yu. M. Ivanchenko and L. A. Zilberman, Zh. Eksp. Teor. Fiz.
55, 2395 (1968) [Sov. Phys.—JETP 28, 1272 (1969)].

I. M. Dmitrenko, V. A. Khlus, G. M. Tsoi, and V. |. Shnyrkov,
BLZERIDHATAPE BERATORKY AR Fiz. Nizk. Temp. 11, 146 (1985) [Sov. J. Low. Temp. Phys.
11, 77 (1985)].

Single MW photon detector by Vladimir Shnyrkov
https://youtu.be/PgExRol29a8?si=_oJH_8wGQev_9GRN

Sergey Frolov. Quantum Transport (2013)
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nly two levels are involved

Rev. Lett 89, 117901 (2002)

Lecture 16: Superconducting qubits
https://youtu.be/KzémhhlA mU?si=Al1uFPwfchl1rMWufc
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Patrick Lee (MIT): Majorana Zero Modes: What, Why, Where and When
https://youtu.be/RewClmgP8RY?t=1219

Signatures of Majorana Fermions in Hybrid
Superconductor-Semiconductor Nanowire Devices
V. Mourik et al. Science 336 1003 (2012)
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- All the materials are quantum

- Electronic structure is a key

- Emergent phenomena

« Why Superconductors are QMW

- Other examples:
« TMD’s and Topological Insulators
o leN+1
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Topological superconductivity in PtBi,

Observation of superconducting “Fermi arcs” as
a manifestation of topological superconductivity

nature

Kuibarov, A., Suvorov, O., et al.

Evidence of superconducting Fermi arcs.
Nature 626, 294-299 (2024).
https://doi.org/10.1038/s41586-023-06977-7

Using ARPES, superconducting gap nodes were
observed on the topological Fermi arcs of PtBi,,
indicating unconventional i-wave pairing and
topologically protected Majorana cones.

Changdar, S., Suvoroy, O., Kuibarov, A. et al.

Topological nodal i-wave superconductivity in PtBi2.
Nature 647, 613-618 (2025).

https://doi.org/10.1038/s41586-025-09712-6
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Manipulation of topological surface states
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