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The Union Cabinet, chaired by the Hon'ble 
Prime Minister Shri Narendra Modi, today 
approved the National Quantum Mission 
(NQM) at a total cost of Rs.6003.65 crore 
from 2023-24 to 2030-31, aiming to seed, 
nurture and scale up scientific and industrial 
R&D and create a vibrant & innovative 
ecosystem in Quantum Technology (QT)

April 19, 2023

National Quantum Mission 



I. Quantum Computing
II. Quantum Communication
III. Quantum Sensing & Metrology
IV. Quantum Materials & DevicesFour T-Hubs:

I: IISc Bengaluru
II: IIT Madras
III: IIT Bombay
IV: IIT Delhi

Each T-Hub will operate under the 
Hub-Spoke-Spike Model

Spokes: Cluster based network of 
Research Projects

Spikes: Individual Research Groups

Announcement 
on Sept 30, 2024

National Quantum Mission 
(NQM) at a total cost of 
Rs.6003.65 crore from 2023-
24 to 2030-31

National Quantum Mission 





Quantum  effort  worldwide International Year of Quantum 
Science and Technology 2025

https://www.qureca.com/quantum-initiatives-worldwide/



There are various platforms for the qubit design: 

1. Superconducting qubit (TRANSMON): Josephson junction of superconductors

2. Hybrid qubit,  Superconductor-Topological Insulator-Superconductor (S-TI-S) Josephson 
junctions

3. Trapped-ion qubit:  (Individual ions e.g., Ytterbium, Calcium)

4. Quantum dot:  Nanoscale semiconductor structure

5. Spin qubit : Use the intrinsic spin of electrons or 

  holes confined in semiconductor quantum dots, often in silicon
6. Nitrogen vacancy-defect diamond-based qubit

7. Topological nano-wire qubit-Majorana qubit

Among all these, Transmon is the most widely used qubits platform as on today, because of its 

advantages like good coherence, easy coupling, and readout, etc.

In addition, research on discovering new materials, such as spin chain oxides (dimer and 

trimmer chains), superconductors, topological insulators having robust correlated quantum 

entangled state



Classical concept

Sir Isaac Newton 

(1642-1727)

Two distinct categories :
1.Material body (particle):   Newton’s laws of motion

F = m.a 

2. Electromagnetic field (wave): Maxwell’s equation

Position and velocity (momentum) are precisely measurable simultaneously. 

3. Additionally Laws of thermodynamics

E = kT

James Clerk Maxwell

(1831-1879)

Rudolf Clausius

(1822-1888)



Classical concepts never allow to think that

1. Wave may also behave like particle

       (Planck’s hypothesis: Photon Quanta)

2.  Particle may behave like wave

       (de Broglie hypothesis: 𝝀 =  𝐡/p )

3. Position and momentum of a particle cannot  be 

    measured accurately simultaneously

    (Heisenberg uncertainty principle: Δx.Δp ≥ ħ )

4. Energy of wave is related with frequency, & quantized 

𝑬 = 𝒏𝐡𝝂
These new concepts are basically quantum mechanical concepts

Max Planck

(1858-1947)



S N Bose (1924), "Plancks 

Gesetz und Lichtquanten-

hypothese", Zeitschrift für 

Physik (in German), 26: 178–181

Planck’s Law and the Hypothesis of 
Light Quanta  (Quantum statistics)

Zeitschrift für Physik in July 1925

Heisenberg's uncertainty principle 
Zeitschrift für Physik in March 1927

Observable parameters, parameters that 

could be measured in scientific experiments, 
such as transition probabilities or frequencies

Nobel Prize in 

Physics in 1932

S N Bose in 1924
30 years old

Pauli Exclusion Principle
(1925): 25 years old

Nobel Prize 1945

https://www.google.com/search?q=Zeitschrift+f%C3%BCr+Physik&oq=uncertenty+principle+of+heisenberg+was+published+in+which+journal%3F&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRiPAjIHCAIQIRiPAtIBCjIyODY4ajBqMTWoAgiwAgHxBSLFj_FjY7188QUixY_xY2O9fA&sourceid=chrome&ie=UTF-8&mstk=AUtExfCtC1XidkKx1_RNYjuKG0gxb0eFHgVPWa40AOQRMSUF3c-qwohSZ2gqUmtASHL-eV1Exc6Vtt819DSvuqpWfHpYftrLNdADldCLpNNKQgLi5HW4hWa795eoPsZP4-vcHWi9Gy3TJh-MQty9pZCadjFLHTexdUuQQdQjNHYjChgs1ijASYvR-lThZlU_vcFKdXHg&csui=3&ved=2ahUKEwi31d-dteWTAxWuTWcHHfm5OQQQgK4QegQIARAC


Solvay Conference  1927
Founded by industrialist Ernest Solvay

……too much intelligence! 



Young’s Double Slit Experiment (using particles):

Quantum
Classical

Bullets cannot interfere 

| ۧ𝜱𝟏  represents the state with the electron in the slit 1
| ۧ𝜱𝟐  represents the state with the electron in the slit 2

𝑃12 =|| ۧ𝜱𝟏  + | ۧ𝜱𝟐 |2

𝑷𝟏𝟐 = P1 + P2 



Quantum Entanglement of two Oscillators

K
Quantum mechanical state 

Classical Solution

Two ions in same laser trap act as a coupled pendula oscillator

Hamiltonian:  H = T1 +T2 + V(x, X)

𝜳𝑺/𝑨 𝒙, 𝑿, 𝒕 =|𝜱𝟏 𝒙, 𝒕 , ۧ𝜱𝟐 𝑿, 𝒕 ± |𝜱𝟏 𝑿, 𝒕 , ۧ𝜱𝟐(𝒙, 𝒕)



Quantum Spin Entangled Systems

A natural building block for non-magnetic states      

±



𝜓 = ↑, ↑ ,
     = ↓, ↓ , 

=
𝟏

𝟐
↑, ↓ + ↓, ↑ ,

=
𝟏

𝟐
↑, ↓ − ↓, ↑

Quantum Spin States

↑ ↑

Entangle states

General states of two entangled spins

𝝍 = 𝒂 ↑, ↓ ± 𝒃 ↓, ↑

t

Bit Qubit

Qubit: Fundamental unit of quantum 

computing 

Un-Entangled 
states: 

Access and control these quantum 

properties with better coherence, 

scalability, measurements access



Cu2+ in CuO4 square planes

Na2Cu3Ge4O12

Triclinic, P-1 



Dhruva Research Reactor @ BARC, Mumbai



Interacting spin-1/2 trimer chain in Na2Cu3Ge4O12

Triclinic, P-1 

Cu2+ in CuO4 square planes

J1: nn intra trimer Super-exchange via 

oxygen ions

J2 (= αJ1): inter trimer Super-exchange 

via O, Ge, and O

J3 (=βJ1) : nnn intratrimer super-

exchange via O-O ions.

α= J2/J1 = 0 : Isolated Trimers
α= 1 and J3 = 0: Isotropic Bethe-ansatz  solvable   
           1D S= ½ Heisenberg AF chain (HAC) system

Composed of Cu3O8 trimers 

formed by edge-sharing 3 CuO4 

square planes in a linear fashion



Dresden High Magnetic Field Lab.
M(H) up to 59 T, & ESR

Sudip K. Saha, Manoranjan Kumar, S N Bose 
Density Matrix Renormalization Group 
(DMRG) Calculation   

Interacting spin-

1/2 trimer chain 

in Na2Cu3Ge4O12

Composed of Cu3O8 trimers 

formed by edge-sharing 3 CuO4 

square planes in a linear fashion
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Inelastic neutron scattering DMRG -calculations

quarton 

doublon

spinon

Dynamical Density Matrix Renormalization Group (DMRG)

A. K. Bera, S. M. Yusuf* et al. Nature Commun. (2022) 
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J1= 235 K 
 α (J2/J1)= 0.18 
            β (J3/J1) = 0.18

µ0Hc1 = 28 Tesla (J2)
             µ0Hc2 = 252.5 Tesla
             µ0Hcs= 256.8 Tesla

Dresden High Magnetic Field Lab.  M(H) up to 59 T, & ESR

Manoranjan Kumar, S N Bose  Density Matrix Renormalization Group Calculation   



A. K. Bera, S. M. Yusuf* et al. 
Nature Communications 13, 6888 (2022) 

Quantification of Quantum Entanglement

First experimental finding of near room 

temperature quantum spin 

entanglement (Doublons, Quartons)



Spin-1/2 AFM Heisenberg trimer chain 

Energy state and wave functions

Na2Cu3Ge4O12

J2 (= α J1)       J3 (=β  J1)

α (= J2/J1) < 0.4 

S = 1/2,  Sz = 1/2

S = 3/2,  Sz =  3/2, 1/2

Composite 
Excitations

Discrete Doublet

Discrete Doublet

Discrete Quartet

Entanglement

Strong quantum 
entanglement: promising 
for quantum information 

First experimental 
realization of the many-
body composite excitations 
of doublon and quarton



Extending the Investigations on Na2Cu3Ge4O12

• Finite Temperature Effect on 1/3 Magnetization 
Plateau 

• Raman Study
• Neutron Diffraction Study



Experimental and Theoretical Understanding of 1/3 Magnetization Plateau in S = 1/2  Antiferromagnetic 
Spin  Trimer Chain compound Na2Cu3Ge4O12 for  J2/J1= 0.18, J3/J1 = 0.18 and J1 = 235 K

Frustrated Trimer Spin Chain  Model: 

Disappearance of Plateau at T ≳ 45 K

Plateau at m = 1/3

Finite T
Magneti-
zation
Curves

Circles-Experiments;  
Solid Lines- Theory

Comparison of 
Theoretical 
Results with 
Experimental 
data 

K. Sachin, A. K. Bera, A. Kumar, Y. Skourski & S M Yusuf
THE EUROPEAN PHYSICAL JOURNAL B 98, 46 (2025)



However, quantum correlations  
becomes extremely fragile 
against thermal fluctuation

First experimental finding of near room 

temperature quantum spin entanglement





Exploring Beyond Na2Cu3Ge4O12



Observed Quantum Entangled Spins: 
Accidental?



Square Honeycomb
4 NN

3 NN

Kagome Triangular

4 NN

6 NN

Uniform chain 

dimer spin-chain

trimer spin-chain

1D lattice: 

2D lattices: k:  z = 0

Ingredient for Strong Quantum Fluctuations:

- Small spin value, preferably S=1/2

- Low dimensionality

- Geometrical frustration



Layered  YBaCo4O7

A K Bera, S M Yusuf, S 
Banerjee, Solid State Sc. 
16, 57 (2013)

Co1: Triangular Layer

Co2: Kagome Layer

Zn2VO(PO4)2

S M Yusuf et al. Phys. 
Rev.B 82, 094412(2010)

Square Lattice

S. M. Yusuf, A. K. Bera, et al.

Phys. Rev. B 84, 064407 (2011)

C Ritter, S M Yusuf, et al. 

Phys. Rev. B 88, 104401 (2013)

(CuBr)Sr2Nb3O10

a = 3.888(1) Å 

c = 15.947(1) Å



Layered Material 
Ca2.5-xLaxSr0.5GaMn2O8

Orthorhombic
a ~ 5.436 Å

 b ~ 11.352 Å 

 c ~ 5.301 Å 
S. M. Yusuf et al. Phys. Rev. B 74, 184409 (2006)
A. K. Bera and S. M. Yusuf, J.  Appl.  Phys. 107, 013911 (2010)
A K Bera, S M Yusuf, I Mirebeau, J. Phys. Con. Mat 23, 426005 (2011)



CaNi3P4O14
Ni2+ (3d8,

S =1)

A K Bera, S M Yusuf *, D T Adroja
Phys. Rev. B 97, 224413 (2018) 

A K Bera, S M Yusuf*, A Kumar  et al. 

Phys. Rev. B 93, 184409 (2016)

S =1 trimmer chain 

S M Yusuf, A. Jain et al, Phy. Rev. B 107, 184406 (2023)

A Jain, ..S M Yusuf, B. Keimer, D S Inosov, Phys. Rev. B 88, 224403 

(2013).

A Jain, SM Yusuf, S Singh,  C Ritter, Phys. Rev.B 87,  094411 (2013)

S M Yusuf, A Jain, L. Keller, J. Phys. Cond. Matt. 25, 146001 (2013)

A. Jain and S. M. Yusuf, Phys. Rev. B 83, 184425 (2011).

A. Jain, S. M. Yusuf et al., Phys. Rev. B79, 184428 (2009).

I Nowik, A Jain, SM Yusuf , JV Yakhmi, Phys.Rev.B77, 054403 

(2008)

A. Jain, S. Singh, S. M. Yusuf, Phys. Rev. B74, 174419 (2006).

Ca3Co2O6



Exotic Quantum Phases in spin-½ kagome frustrated magnets

Kagome lattice GS
Quantum Spin Liquid (Theory)

Long range quantum entanglement

Cu (S = ½)

O

C

A. Jain, S. M. Yusuf*,  P. Kanoo, S. K. Dhar, & T. K. Maji, Phys. Rev. B (Rapid Comm.) 101, 140413(2020)



Magnetic Specific Heat Data 

down to 86 mK

With no magnetic 

ordering

88% of the total entropy 

(Rln2 per mol of Cu spin) 

is released

Phase Diagram 

Quantum Cu2+ Spin ½  kagome-lattice 

A. Jain, S. M. Yusuf*, et al. Physical 
Review B (Rapid) 101,140413(2020)



Magnetism of 2d Honeycomb 
layered 

A K Bera, S M Yusuf*, et al.
Phys Rev. B 105, 014410(2022)
B. Saha, AK Bera,S Kesari,SM Yusuf*, 
Phys. Rev. Mat. 7, 085001 (2023)

Na2Ni2TeO6

2D Honeycomb compound Na2Co2TeO6

A K Bera , S M Yusuf*, A. Kumar  et al.   
Phys. Rev. B 95, 094424 (2017)

A K Bera, and SM Yusuf*
J. Physical Chem. C 124, 4421 (2020)

Co1, Co2: 
Co2+( 3d7, 

S = 3/2) 

A K Bera, SM Yusuf* et al. Phys. Rev. B 108 214419((2023)

Kitaev 
Phase

2-d Short-range Spin Spin Correlations 
in Layered Spin ½ Maple Leaf Lattice 

Antiferromagnet Na2Mn3O7

B Saha, AK Bera, SM Yusuf*, A Hoser

Phys Rev. B 105, 014410(2022)

Plich,Peedu,Bera,Yusuf et al. Phy. Rev B(Lett)(2023)



Kitaev spin systems
Na2Co2TeO6

Bera, Yusuf* et al. Phy. Rev B108, 214419(2023)
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Physical Review B (Letters) 108, 140406 (2023)

High field THz Spectroscopy

Continuum 
scattering



Quasi-2D AntiferromagnetsNa3Fe(PO4)2

Saha, Bera, Yusuf* et al.,  Phys. Rev B 110, 094421 (2024)

Triangular lattice Neutron Diffraction: magnetic ground state

J1(meV) J2 (meV) J3 (meV) D (meV)

0.31(1) 

(FM)

0.15(1) 

(AFM)

0.00003(1) 

(AFM)

0.02(2)



Ingredient for Strong Quantum Fluctuations: 

- Small spin value, preferably S=1/2

- Low dimensionality

- Geometrical frustration

A natural building block for non-magnetic states 

Every spin of the lattice is 

coupled to a partner

Entanglement of Spins



Quantum Technology Development 
in India



Looking Beyond…….



The sharing of particles and 
energies in fission: 

This statistical sharing mechanism in low energy 
fission is not a complete description 
as light fragments generally have less excitation 
energies than heavy fragments

Estimated the quantum entanglement 
magnitude between two fission fragments 

Conclusion: The entanglement is 
mainly caused by the non-localization 
of wave functions in two parts



⚫ Determining the transverse spin 

polarization <σ
ˆyA

>
A
 by the left-right 

asymmetry measurement and the  

concurrence written as

⚫ Spin entanglement of an 

entangled nucleon pair is 

measurable in nuclear 

experiments at least in principle



⚫ Proton and neutron orbitals are weakly entangled



Observation of quantum entanglement with
top quarks at the ATLAS detector
The ATLAS Collaboration* 542 | Nature |Vol 633|19 Sept 2024

In proton–proton (pp) collision events recorded 
at the LHC with a centre-of-mass energy of 13 TeV

• Entanglement is observed > 5 for the first time in pairs of quarks

• The spin correlation between the top quark and antitop 
quark is used to probe the effects of quantum entanglement





https://physics.aps.org/articles/v16/79

“It’s Time to Take Quantum Biology Research Seriously”
•Clarice Aiello, University of California May 10, 2023• Physics 16, 79

Understanding the possible quantum-

driven behaviors of  biological 

systems 

could aid  in treating injuries or 

in developing cures for diseases

Fisher, M. P. (2015). Quantum cognition: The possibility of 

processing with nuclear spins in the brain 

Annals of Physics, 362, 593-602

https://physics.aps.org/articles/v16/79
https://physics.aps.org/authors/clarice_aiello
https://physics.aps.org/authors/clarice_aiello


Sachin

Nature  584,  551  (2020)



IBM currently operates quantum 
computers with 100+ qubits.

The chips operate at approximately 10 – 

100 millikelvins IBM uses superconducting transmon qubits





To 
Conclude



Sudip K. Saha

Manoranjan Kumar
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