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PART I.
Q & A



What is the highest temperature at which coherent 
quantum control has been carried out?
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Is it possible to observe quantum jumps of a single

nuclear spin?
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What is the longest quantum memory in solids at room 

temperature?
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Is the collapse of the wavefunction of entangled 

particles limited by the speed of light?
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Can we measure temperature in living cells?
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What is the frequency resolution of nanoscale sensors?  
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What is this?
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The NV center is the first prototypical  

example of point defect qubits in 

semiconductors

NV center: negatively charged 

nitrogen substitutional-carbon 

vacancy complex 

Qubit: spin of the NV center
carbon

nitrogen

vacancy

Spin density



They may contain 

100 000 000 000 000 000 

NV centers.

How to create NV centers?

.
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Look for pink natural pink 

diamonds.



Controlled fabrication
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Nitrogen implanted diamond

Aalto Summer School

Phys. Rev. B 91, 035308 (2015)

photo detectors

On demand 

creation of single

NV centers 

False color image 
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Today Tomorrow Day (after)n

tomorrow 



PART II.
Theory of the NV center 



Basics of group theory
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What define your systems are the strucutre + number of electrons

has a symmetry

Symmetry is not everything 

but effects everything.
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Point groups
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Symmetry operations of a structure form a group

• Group elements: symmetry operations 

• Product: carry out  symmetry operations in sequence

Point groups: all symmetry operations of point groups leave one point of space intact

• No translation symmetry, relevant for polygons, molecules, and point defects

Example:  Triangle

Multiplication table



Relevnt point groups

20.08.25 Aalto Summer School 17



Representation

• Representations:  Matrix forms (representations) of symmetry operators 

defined on a vector space that also form a group (isomorphic).

• Elements: square matrices such that  

• Product: matrix product such that 

• Structure: 3×N dimensional vector:
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Symmetry operation

Matrix product 



Reducible representation

• Matrices of representations are usually sparse matrices.

• GT says: They can be block diagonalized, i.e. they are reducible.
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3N problem ⟹ K × smaller problems 



Irreducible representations
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Irreducible representations

Reducible and irreducible representations can be characterized 

by the trace of the matrices, i.e., by the their characters

Character table of the point group 

symmetry of the triangle



Group theory and quantum mechanics
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Structure R ⟹ Potential V(r) ⟹ Hamiltonian H

Inherit the symmetry of the structure

Page 11 & 70

Exists a group of operators that leave the Hamiltonian unchanged  

Reducable / block diagonalizable matrix
Within a degenerate subset:

Irreducible representation of G
Degenerate subspaces that can be labelled by irreducible representations.



Splitting of spherical symmetric orbitals in C3v

symmetric potential
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Application to the NV center 
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NV center has C3v point group 

symmetry
<111> view

Dangling bonds

Reducible representation       defined  

on the basis of 𝜋1, 𝜋2, 𝜋3, and 𝜋N

𝜋N

𝜋1
𝜋2

𝜋3

Already partially block diagonal  ⟹



Block diagonalization of the representation

• GT projector operators: provide symmetric basis 

functions from non-symmetric ones.
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Page 11 & 70

Symmetry operator acts on the orbitals

Sum over all 

symmetry elements

Character of representation 𝛤 of symmetry 

element R.

Irreducible basis:

• a1(N) = 𝜋N

• a1(C) = (𝜋1 + 𝜋2 + 𝜋3)/ 3

• e = {(2𝜋1 – 𝜋2 – 𝜋3)/ 6 , (𝜋2 – 𝜋3)/ 2 }   



How does it look in the single-particle DFT method?
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𝜋2 – 𝜋3

2𝜋1 – 𝜋2 – 𝜋3 𝜋2 – 𝜋3

2𝜋1 – 𝜋2 – 𝜋3

a1(C) – a1(N) a1(C) + a1(N) a1(C) + a1(N) a1(C) – a1(N) 

DFT knows group theory! 

V(r) is symmetric

Group theory does not tell you where 

these states are in the band structure

of diamond.



Let’s occupy the states with electrons
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Number of electrons: 

2 from N, 3 from 3 carbons, and 1 from the environment = 6 

NV(-) center

S = 1; mS = {–1, 0, +1}

Triplet ground state

NV electron spin qubit:

• 2 states of the electron spin can form a qubit

• Coherent control via microwave irradiation

• Tuning with an external megnetic field

• How can we read out and initialize?



We need more group theory!

• Irreducible representation of the possible many-body WFs can be 

obtained by including all electrons and their spin: 

Projectors can be used to obtain the symmetry-allowed states of the many-body

system.
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Irrep of the spatial part (orbital)

Irrep of the electron spin-1/2 in C3v



Many-body spectrum
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3E



Many-body electronic structure

and allowed transitions
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Selection rules

Non-zeroness of matrix elements of the operators can 

be obtained from group theory.

• Optical transition (red arrows):

• Spin-spin interaction (purple arrows):

• Spin-orbit interaction (green arrows):

only if



Ground and excited state fine structure
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Ground state

Excited state
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We can now understand how spin initialization and

readout work.

mS = 0

mS = ±1

mS = ±1

mS = 0

3A2

1A1

3E

1E

DES

DGS
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Initilzation with optical pumping:

State is in mS = 0  ⟹ stays there 

State is in mS = ± 1
stays there 

decay to mS = 0 

The result of many optical cycling:

Initialization with 95% probability 

in mS = 0



We can now understand how spin initialization and

readout work.

mS = 0

mS = ±1

mS = ±1

mS = 0

3A2

1A1

3E

1E

DES

DGS
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Principle of readout:

The NV in the mS = 0 is 

brighter then in the mS = ± 1



Optically detected magnetic 

resonance 
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Continuous wave ODMR:

• Apply optical excitation

• Apply MW excitation

• Sweep the MW frequency

• (Sweep the magnetic field)

Off resonant MW: mS = 0

Resonant MW: 50% mS = 0 + 50% mS = ±1 



DIY: room temperature quantum control
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green laser pointer

microwave source (1-2 GHz)diamond with a single NV center



More professional way: confocal microscopy setup
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High temperature spin control?

How is it possible?

Short answer is: it is quantum mechanics!

• The localized defect states decouple from the bath of diamond electrons.

• Magnetic dipole interaction is much weaker than the electrostatic interaction 

• No spin-orbit coupling in the ground state

• Low magnetic noise in diamond samples: 
• Low concentration of electron spins, i.e., high-quality diamond samples available.

• Low concentration of nuclear spins, 1% 13C spin-1/2 nuclear spin abundance.

• ⟹ spin states are preserved (even at 1400K)

• Read out works: demonstrates the rigour of selection rules.
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Summary of control of the NV center
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NV center Photo luminescence 

intensity

Magnetic field

Optical pulses

MW pulses

TemperatureStrain

Programing
Measured 

classical 

output

Control parameters

Control parameters

Electric field



Instructions, standard NMR pulse sequences
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Interaction with the environment

• Spin Hamiltonian:
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Strain and electric field dependent
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Nuclear spins as sources of decoherence

• Dipole-dipole interaction with 13C 
nuclear spins is the major source of 
decoherence, ⟹ spinless 12C isotope 
enrichment.

• Open quantum system (?)

• Electron spin is surrounded by a bath of 
quantum memories.

• Nuclear spin coherence time can exceed 
seconds at room temperature in diamond

• The cluster correlation expansion (CCE) 
method works very well in a parameter-
free manner.
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Introduction of the CCE method 
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Electron spin’s density matrix: 

Coherence function: 

CCE ansatz:



Introduction of the CCE method 
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Introduction of the CCE method 

20.08.25 Aalto Summer School 43



Nuclear spins as 

resources

• Adjacent nuclear spins can be 

addressed by the NV center

• Additional spin qubits with long 

coherence time

• Trend:

• electron spin: means of nuclear 

spin initialization, control and 

read-out.

• nuclear spins: multi-qubit quantum 

hardware.
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Part II.
Interesting experiments and papers



Quantum sensing with NV center
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Nanoscale probe
Nature 455 648 (2008)

Single NV center
High spatial resolution

Ensemble of NV centers

Very high precision, low spatial resolution



Sensitivity for AC magneometry
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η (τfull = 1 s) represents the smallest signal field that can be 

detected with SNR = 1 in 1 second of interrogation time. 

Large N ⟹ sub femto tesla sensitivity 
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Can we measure temperature in living cells?
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Temperature dependence of 
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Use the PL intensity variation detect 
change of the temperature



Increased heating is detected in 
the cell untill it popped…
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Part II.



One way of creating spin-photon 
entangelement with the NV center 
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Optical selection rules can be derived from the many-body states.

[1] New Journal of Physics 13 025025 (2011).

Linearly polarized photons

Circularly polarized photons

A2: no non-radiative decay, selectively coupled with the 
ground state through circularly polarized photon emission.



Lambda sceme
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Spin-photon entanglement generation 



Schrödinger’s cat problem 2.0
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+

Low temperature NV emission

mantis crab



Entenglement swap via a beam splitter 
and photon detection
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• Entangled photons are 
arrowing to C from A 
and B.

• Entangle through a 
beam splitter ⟹ four 
particle entanglement

• Photons are measured,
which entangle the A 
and B. 

• Bell inequality violation 
tested. 



The tests are carried out faster than light 
could travel from A to B.
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NV is it as two qutrit system
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6 allowed transitions



Nuclear spin resolved ODMR spectra 
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We can use these transitions to implement CNOT operation.



Implement “fast” indirect measurement of nuclear spin 

states
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Approaching the quantum

Zeno limit.



Two loops of  time evolution

20.08.25 Aalto Summer School 63



What we can learn from the optical cycle
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Optical excitation coherent U(t)

Spontaneous emission projetive: M1

Non-radiative decay projective: M2



PART III.
Perspectives and challenges in QC and QRC



5-20 qubit quantum computer at room temperature
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1 NV centrum + néhány magspin kubit  



Possibility of scaling?
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Potential to Q(R)C

• Scalling is as hard as diamond.
• Atomic-scale fabrication in hard materials is difficult.

• Flying qubits must be involved
• Photon,

• Phonons

• Magnons

• Electrons

• These will be / are the main sources of decoherence

• Noise-tolerant QC applications are required, such as QRC. 
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