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Quantum Technologies

Quantum 

Computation
Quantum Algorithms, 

Coherent Architectures for 

QC, NISQ Devices, 
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Quantum Chemistry on 

Quantum Computers etc.

Quantum 

Sensors
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Inspired Algorithms, Quantum 

Imaging, Quantum Machine 

learning etc.

Quantum 

Materials
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Materials, Weyl, Dirac & 

Majorana, Quantum 
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Quantum 
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Quantum Secure Key 

Distribution, 

Communication Theory, 

Quantum Satellite 
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World of Quantum Materials
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What is “quantum” about 
Quantum Materials? 

Aren’t all materials “quantum”? 



In this Keynote--- Only the “tip” of the Iceberg!
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Quantum Materials: Topological Insulators

What is “quantum” about 
Quantum Materials? 

Aren’t all materials “quantum”? 



6

Standard Materials – Low-level QM!

Energy Bands E

k

Dispersion Relation
Bandstructure

Calculate::
1) Mobility
2) Conductivity
3) Currents
4) Optical prop

Apply
Newtons laws
F=m*dv/dt

“quantum” ends here !
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Topological Quantum Materials?

Beyond Moore: Binary and non-
binary Logic
ISSUE: Power Dissipation

Beyond Moore: Quantum Computation
ISSUE:  Qubit stability (Decoherence)

Conventional Materials

Topological Materials 

We need to “dig” into QM at a “higher” level



8

Quantum Effects “visible” at Macroscale!

Family of Quantum Hall Effects :: Starting point of topological stability

Recurring theme in topological quantum materials

1 2

3

Bulk  Edges 



Topology- a way to classify - Quantum robustness



How to exploit topology?

https://topocondmat.org
1) Harness the Phase transitions 
2) Harness the robustness! 



“Topo”-tronics -> Topological Electronics 

Topological QM to devices
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Topological Qubits



A tale of two “valleys”
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2D Quantum Materials

Spin-valley Qubits

Single photon emitters

C. Becher et. al., Mat. Quant. Tech.,3, 012501 (2023)
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The vast “flatland” frontier



Quantum Devices: Building BlocksQuantum Devices: Building Blocks
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Classical
Computing

Quantum
Computing

Quantum
Communications

Classical
Bits

Transistor
Various platforms

Qubit
Various platforms

Single photon Emitters
Various platforms



Anatomy of a Building BlockAnatomy of a Building Block

Contacts/Leads
Source/Drain electrodes

Channel
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Material Science
Interface physics
Inflow-outflow dynamics

Control

Datta, Lessons from Nanoelectronics, (2012)
Feynman, Lectures on Computation, (1998)



Graphene based qubits

www.thegrapenecouncil.org
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Single Photon Emitters - TMDC

Azzam et.al., Appl. Phys. Lett., 118, 240502, (2021)



Quantum Network

GaN QD-Based SPE,

D Saha and A Laha

DEFECTS IN 3D CRYSTALS,

NATURE PHOTONICS, 10 (2016)

SINGLE PHOTON 

SOURCES

Si APD, 
S Mahapatra, A Pal 

PC: NIST

SINGLE PHOTON 

DETECTOR

PC: ALLIED 

MARKET 

RESEARCH

CubeSAT

PC: MIT

Integrated 

Silicon 

Photonics,
K Saha,  Various groups

V Bhalerao, S Santra
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Superconducting Hybrid Systems
Topological QC

I. Charaev et.al., Nat. Nano., (2023). Das Sarma et.al., npj quant. Inf., 1, 15001, (2015)
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“Beyond Moore” Device Research Highlights

2D Quantum Materials and DevicesSpintronics: MRAM

Recent Publications
Phys. Rev. Applied, 10, 014022, (2018).
Phys. Rev. B, 99, 075415, (2019).
Phys. Rev. B (Rapid Comm), 100, 081403, (2019).
Phys. Rev. Materials, 3, 124005, (2019).
Phys. Rev. Research, 2, 043041, (2020)
npj 2D materials., 6, 19, (2022)

Topological hybrid quantum systems

Recent Publications
Phys. Rev. B, 98, 125417, (2018).
Phys. Rev B, 100, 155431, (2019)
Phys. Rev. Research 2, 043430, (2020).
Phys. Rev B,103,165432,(2021). 
Phys Rev B, 105, L161403, (2022)
Comms Phys. (2023)

IEEE Trans.Elec Dev., 63,  4527-4563, 
(2016).
Phys. Rev. Applied, 8, 064014, (2017).
Appl. Phys. Lett., 112, 192404, (2018).
Phys. Rev. Applied, 12, 024038, (2019).
IEEE Trans. Nano., 19, 469, (2020).

Recent Publications

Unified Quantum Device
Simulation Platform

• Spin filtering devices

• STT-MRAM

• Toward Neuromorphic

• 2D topological spintronics

• Materials -> Devices -> Functionalities

• Quantum Hall hybrid systems

• Straintronics

• Topotronics

• 1-D Majorana devices

• Topological vs trivial

• Entropic signatures

• Magnetic insulator hybrids
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Computational Nanoelectronics and Quantum 
Transport (CNQT@IITB)

Computational Nanoelectronics and Quantum 
Transport (CNQT@IITB)
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