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National Quantum Mission
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(NQM) at a total cost of Rs.6003.65 crore
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ecosystem in Quantum Technology (QT)
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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) Josenhson
junctions

3. Trapped-ion qubit: (Individualions 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. . 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 - «m as on today, because of its
advantages like good coherence, easy coupling, and read .(C.

In addition, research on discovering new materia  such as spin chain oxides (dimer and
trimmer chains), superconductors, topological insulators having robust correlated quantum
entangled state



Classical concept

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

Sir . Newton
A2-1727)

R

F=m.a

Position and velocity (momentum) are precisely measurable simultaneouslv

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

S V-B=0 |
B oD James Clerk Maxwell
e | S = (1831-1879)
3. Additionally Laws of thermodynamics - ’

. w
_ =y Rudolf Clausius
E=kr gl (1522 1385)



Classical concepts never allow to think that

1. Wave may also behave ¢ particle
(Planck’s hypotk  ,: Photon Quanta)
2. Particle may ber ¢ like wave
(de Broglie  pothesis: A = h/p ) 1(‘?;;‘81’314“;‘)‘
3. Position av  _anomentum of a particle cannot be
measur  .ccurately simultaneously
(He’  .perg uncertainty principle: Ax.Ap > h )
4. En..gy of wave 1s related with frequency, & quantized
E = nhv

These new concepts are basically quantum mechanical concepts




? QUANTUM PHYSICS AT THE BEGINNING OF THE 20TH CEN T U»R?Y

No ‘I Prize |
Physics in 1932

—

Werner Heisenberg in 1925 “ S N Bose in 1924
23 years old 30 years old

Zeitschrift ftr Physik in July 1925

Observable parameters, parameters that
could be measured in scientific experiments,
such as transition probabilities or frequencies No'

: ' : o Planck’s Law and the Hypothesis o
Heisenberg's uncertainty principle payli Exclusion PrNCIPIE,jo vy Quamta (Quantur:gtatlstlcs) f
Zeitschrift fiir Physik in March 1927 (1925): 25 years old g
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Quantum Entanglen® - . of two Oscillators
Hami" 2@ H=T,+T, + V(x, X)

B acalSolution Y(x, X, t) =y1(x,t).y2(X, 0

lI,S/A (x, X, t)=|¢1(x, t)) ¢2 (X, t)>:|: |¢1(X1 t), ¢2 (x' t))

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



Quantum Spin Entangled Syst

L@ @b
2

A natural building block for non-magnetic states



Quantum Spin States Qubit: Fundamental unit of quantum

computing
v " Bit Qubit
1 |1)
lp — |T) T); Un_EntangIed / [¥) = al0) + 8|1)
- N’J ‘l'); states: . .

Z%(IT, L+ 1,1,
17,0y — |1, ) -Entar ¢ states

1
= == (

General states of two entangle” .as

Access and control these quantum

properties with better coherence,
P = (a|T,l) + b|i,T)) scalability, measurements access
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Interacting spin-1/2 trir

Cu204 CulOq4

\\

Cu204

Cu?*in Cu04_ square planes Ji Ji

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

*chain in Na,Cu;Ge,0,,

Composed of Cu;Og trimers

T N1C, P-1 formed by edge-sharing 3 CuO,

square planes in a linear fashion

S GIRTEEEe = AL
Trimer Trimer

J1: NN intra trimer Super-exchange via
oxygen ions

J2 (= aJ1): inter trimer Super-exchange
via 0, Ge,and O

J3 (=B.|1) . nnn intratrimer super-
exchange via O-0O ions.



Interacting spin-
ss14 1/2 trimer chain

in Na,Cu;Ge, 0,
1.918 A

Composed of Cu,Oq trimers
formed by edge-sharing 3 CuO,
square planes in a linear fashion

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

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




Susceptibility (emu/Mole-Cu/Oe)

Na,Cu;Ge,0,,
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Inelastic neutron scattering DMRG -calculations I L
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Manoranjan Kumar, S N Bose Density Matrix Renormalization Group Calculation

~‘ Expt.

PPMS(ZK)
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1/3 magetization plateau

Theory (0O K)
(1.65 K)

A. K. Bera, S. M. Yusuf* et al. Nature Commun. (2022)
Dynamical Density Matrix Renormalization Group (DMRG)

J1=235K MoHc, = 28 Tesla (J2)

a (J2/J1)=0.18 HoHc, = 252.5 Tesla
B (J3/J1) =0.18 M Hc = 256.8 Tesla

4o ®o 2a0 280 320 Dresden High Magnetic Field Lab. M(H) up to 59 T, & ESR
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First experimental finding of near room
' xpert 5 Nature Communications 13, 6888 (2022)
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Spin-1/2 AFM Heisenberg trimer chain

Na,Cu;Ge,0,,

Energy state and wave functions

Frustrated trimer

Isolated trimer

Coupled trimer

(a=p=0) (a=0,8=0 a=0.18, $=0.18)
L (@r+i13e13) 5=} w-1|  Discrete Quart
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Entanglement a(=J2/11)<0.4

First experimental

= realization of the many-
body composite excitations
of doublon and quarton

Strong quantum

entanglement: promising
for quantum information




Extending the Investigations on Na,Cu,Ge,O,,




Experimental and Theoretical Understanding of 1/3 Magnetization Plateau in S = 1/2 Antiferromagnetic
Spin Trimer Chain compound Na,Cu;Ge,0,, for J,/J,=0.18, J;/J, =0.18 and J, = 235 K

Finite T 3 30K p
- L - 45K e
Frustrated Trimer Spin Chain Model: Magneti- s
o ? ) zation ' /_:_.:._:.,;..,,_.m_f_-;‘_':.-—" \
1.0 CUFVGS 0.2 {:’;'.fl";/Disappearance of Plateau at T= 45 K
~ 08 1 1 2 2
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G 0.6 toH(Tesla)
m
3 _ 0.30
=04 Plateauat m =1/3 .omparison of .25
. (aV]
0.2 — T=0K Theoretical a3 0.20
Results with E 0.15
00 50 100 150 200 - Experimental =0.10
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UoH (Tesla) data 0.00-*

0O 10 20 30 40

K. Sachin, A. K. Bera, A. Kumar, Y. Skourski & S M Yusuf

Circles-Experiments; LoH (Tesla)
THE EUROPEAN PHYSICAL JOURNAL B 98, 46 (2025)

Solid Lines- Theory



(a)

L NHh A L )

-3 ‘ ’
il L L

; v

(C) mm— —— However, quantum correlations
y ‘ ] becomes extremely fragile
¥ i il % — A against thermal fluctuation
o] = —= (| T'c%) | i’tTﬂ)

" First experimental finding of near room

temperature quantum spin entanglement
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ENTANGLEMENT — schrédinger 193

Correlations between

particles that go beyond the predictions of
classical physics

Schrédinger on Entanglement

Naturwissenschaften 23, 807 (1 935)

" "This is the reason that knowledge of the




Exploring Beyond Na,Cu,;Ge, O,



Observed Quantum Entangled Spins:
Accidental?



Ingredient for Strong Quantum Fluctuations: m

- Small spin value, preferably $=1/2 § i Uniform chain
- Low dimensionality -o—o—o—o—o—o—o—o—o—
- Geometrical frustration B @ dimer spin-chain

90— 0—0Q----@9—Q@-----9—
5o J trimer spin-chain
. —0—9-----0—0—09-----0—0Q-
2D lattices: k: z=0

Square Honeycomb Kagome Triangular
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Layered YBaCo,O,

Zn,VO(PO)),

cot: Triangular Layer Square Lattice

?

L
N

a=3.888(1) A
c=15.947(1) A

Co2: Kagome Lg 7

S. M. Yusuf, A. K. Bera, et al.
; Phys. Rev. B 84, 064407 (2011) 1
A K Bera, S\ suf, S . ZnO:;
- » C Ritter, S M Yusuf, et al. >
Banerjee, Soli.. State Sc. . ) . .
16, 57 (2013) Phys. Rev. B 88, 104401 (2013) S M Yusuf et al. Phys

Rev.B 82, 094412(2010



PHYSICAL REVIEW B 86, 024408 (2012)

Quantum phase transition from a spin-liquid state to a spin-glass state in the quasi-one-dimensional
spin-1 system Sr,_,Ca,Ni,V,05

A. K. Bera and S. M. Yusuf”
Solid State Physics Division, Bhabha Atomic Research Centre, ” JO85, India
(Received 21 September 2011; revised manuscript received 16 Jur olished 9 July 2012)
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Layered Material
A Ca, 5..La,Sry ;GaMn,0g

GaOy

MnQOg
MnOg

Ca g

b~11.352 A Orthorhombic

o o

;- - +—+— | ¢~0301A

S. M. Yusuf et « 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)
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A K Bera, S M Yusuf*, A Kum- AL
Phys. Rev. B 93, 184409 /)

A K Bera, S M Yusuf * Adroja
Phys.Rev.B97,?" = 5(2018)

3l

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).




Exotic Quantum Phases in spin-%2 kagome frustrated magnets
{[Cus(CO3)2(bpe)s]-2ClO4}, (bpe = 1,2-bis(4-pyridyl)ethane)

dpor = 13.313 A

Kagomeé Layers Pillared by “bpe” Ligand

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

-




Quantum Cu?* Spin %2 kagome-lattice
p g

Magnetic Specific Heat Data

down to 86 mK Phase Diagram

- L
0,3 ) 107 () PM

£ 3 -
31552 % ~ /
R ’ 2
X10° & ~ 5
O FM

” 200 400 600 800
H (Oe)

88% of the total entropy  'With no m- Jac  A.Jain, S. M. Yusuf*, et al. Physical
(RIn2 per mol of Cu spin) Review B (Rapid) 101,140413(2020)

1s released Orderlng



compound

A K Bera, SM Yusuf* ef

Magnetism of 2d Honeycomb

avered  Na,Ni,TeO
A K Bera, S M Yusuf*, et
Phys Rev. B 105, 014~
B. Saha, AK Bera,€
Phys. Rev. Mat. 7, ,85001 (2023)

2022)

dari,SM Yusuf*

A K Bera, and SM Yusuf*
J. Physical Chem. C 12/

|

Col, Co2:

7

A K Bera, S M Yusuf*, A. Kumar et al. C02+( 3d’,
Phys. Rev. B 95, 094424 (2017) S=3 / 2)

.+ (2020) Kitaev

chy. Rev B(Lett)(2023) [ 24170 RYZ
ays. Rev. B 108 214419((2023)

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

Antiferromagnet NEZM n307

B Saha, AK Bera, SM Yusuf*, A Hoser
Phys Rev. B 105, 014410(2022)



Kitaev spin systems
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Absorption coefficient Ao (102 cm™)

Physical Review B (Letters) 108, 140406 (2023)

Field and Polarization Dependent Quantum Spin Dynamics in Honeycomb Magnet Na,; Co,TeOg:
Magnetic Excitations and Continuum

Patrick Pilch,! Laur Peedu,> Anup Kumar Bera,»* S. M. Yusuf,*#* Urmas Nagel,> Toomas R56m,> and Zhe Wang'-*

C = ]Depamnem of Physics, TU Dortmund University, 44227 Dortmund, Germany
Ontlnuum *National Institute of Chemical Physics and Biophysics, 12618 Tallinn, Estonia

= 3Solid State Physics Division, Bhabhs  omic Research Centre, Mumbai 400 085, India
scattering

‘*Homi Bhabha National Ins’ ushaktinaear. Mumbai 400 094. India
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Na;Fe(PO,), Quasi-2D Antifarromagnets

T‘i'agla latic ~ Neutron Di¥”  .ion: magnetic ground state
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Ingredient for Strong Quantum Fluctuations:
- Small spin value, preferably S=1/2

- Low dimensionality

- Geometrical frustration

Entanglement of Spins Every spin of the lattice is
coupled to a partner

A natural building block for non-magnetic states



Quantum Technology Development
in India



Looking Beyond.......



Phys. Lett. B 861 (2025) 139248

ELS

Letter

Quantum entanglement in nuclear fission
Yu Qiang®, Junchen Pei b B Kyle Godbey ©

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

Contents lists available at ScienceDirect

Physics Letters B

g Iﬁ'
EVIER journal homepage: www.elsevier.com/locate/physletb

PHYSICS LETTERS B

T ‘

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

Estimated the quantum entanglement
magnitude between two fission fragments



PHYSICAL REVIEW C 109, 034001 (2024)

Toward experimental determination of spin entanglement of nucleon pairs

Done Bai®"
q left
LA 4 (/ Blech ¢termining the transverse spin
é_» polarization <c. ,>, by the left-right
asymmetry measurement and the
concurrence written as
(W) = 1= tou = (o, — (o
« Spin entanglement of an
< entangled nucleon pair 1s
right

detector measurable 1n nuclear
experiments at least in principle



Eur. Phys. J. A (2023) 59:240 THE EUROPEAN ")
https://doi.org/10.1140/epja/s10050-023-01151-z PHYC'CAL JOURNAL A (:‘Jhpeacaliﬁlégr

Regular Article -Theoretical Physics

(uantum entanglement patterns in the - .are of atomic nuclel
within the nuclear shell model

A Peres ol 0, S MasotLlma™ *mene™0, ), Menénder™ 9, A, Rios ™40,
A, GancaSier* 0, B, Juii D

 Proton und neutron orbitals are weakly entangled



Observation of quantum entanglement with

top quarks at the ATLAS detector
The ATLAS Collaboration* 542 | Nature |' .33|19 Sept 2024

In proton—proton (pp) collisio  ants recorded
at the LHC with a centre-of-r  energy of 13 TeV

 The spin correlation be” sn the top quark and antitop
quark is used to pro’ .ie effects of quantum entanglement

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



nature Vol 446[12 April 2007 | doi:10.1038/nature05678

Evidence for wavelike energy transfer through
quantum coherence in photosynthetic < tems

Gregory S. Engel'?, Tessa R. Calhoun'?, Elizabeth L. Read'?, Tae-Kyu Ahn'* .s Mancal?*f,
Yuan-Chung Cheng'?, Robert E. Blankenship®* & Graham R. Fleming"?

PN AS
Long-lived quantum cohe’ _.ce in photosynthetic
complexes at physiolor .1 temperature

Gitt Panitchayangkoon®, Dugan Hayes®, Kel" ansted®, Justin R. Caram®, Elad Harel®, Jianzhong Wen",
Robert E. Blankenship®, and Gregory 5. E




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

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

Understanding the poss”  Juantum-
driven behaviors of ' _gical
systems

couldaid in“ _ng injuries or

in develor cures for diseases

Fisher, M. P. (2015). Quantum cc,_ .on: The possibility of

processing with nuclear spins in the brain
Annals of Physics, 362, 593-602
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M| Check for updates

Technologies thatrely on qu? s (qubits) require long coherence times and
high-fidelity operations'. © .ducting qubits are one of the leading platforms for
achieving these object’ owever, the coherence of superconducting qubitsis
affected by the bre-’ _ooper pairs of electrons*®. The experimentally observed
density of the b~ oper pairs, referred to as quasiparticles, is orders of
magnitude hig, anthe value predicted atequilibrium by the Bardeen—-Cooper-
Schrieffer theory uf superconductivity”®, Previous work'° 2 has shown that infrared
photons considerably increase the quasiparticle density, yet evenin the best-isolated
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IBM currently operates quantun- |
computers with 100+ qubits.

The chips operate at approximately 10 —
100 millikelvins
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Quantum technology applications

Spin Quantum Entanglement
O Near Room Temperature

Conclude .

)
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/

quantum entangled spin state (b
exchange interactions 1112 slong the

hain having periodic uantum
ion (o

Entangled spin states
are found to be very
stable against
temperature and
persist up to near
room temperature
(~250 K), which has
a special importance
for practical device
applications in the
upcoming quantum
technology.

“S. M. Yusuf
Director, Physics Group
Bhabha Atomic Research Centre, Mumbai-85, INDIA

uantum entanglement has drawn a 15 attention of for its

importance in guantum technology. Quantum entanglement phenomenc

occurs when a group of quasi-particles interact and share spatial proximity
way such that the quantum states of each particle of the group cannct be de’
independently of the states of the other particles.

Recent study [A. K. Bera, 5. M. Yusuf* et al., Nature Communications 13
has demonstrated for the first time the novel quasi-particle excitatic
entangled ground state [Fig. (b)] of a quantum spin-1/2 trimercb-
[Fig- {a]]. Such a model spin-1/2 trimer-chain antiferromagnet h-

compound Na,Cu Ge 0, where the group of three spin-1/2 o ed
to form a spin-trimer, and such trimers are magnetically w” A4 5pin-
chain [Fig. (a)]. The ground state of such a spin-trir quantum
entangled [Fig. (b]] wave function of two spins (out ~ Aown in [Fig.

(e)]. Most importantly, such entangled spin state
temperature and persist up to near room ter
importance for practical device applications

, stable against
aich has a special
um technology.
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