
09/08/2025 1

Art: Átila Perassa Coelho

Solid-state spin-photon 
interfaces for quantum 
technologies
Carmem M. Gilardoni
gilardonicm@cbpf.br
Pesquisadora, CBPF



• Wednesday (06/08/2025) – Introduction: the need for spin-photon interfaces, 
examples of spin-photon interfaces, the NV system in diamond

• Thursday (07/08/2025) – The NV system in diamond: spin control protocols 
and implementation as quantum sensing and quantum computing platform.

• Saturday (09/08/2025) – Quantum communication demonstrations using the 
NV and alternative systems.

Agenda
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Quantum 
communication

Credit: Gabriel Horacio
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Quantum 
communication

Credit: Gabriel Horacio
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Quantum 
communication

Credit: Gabriel Horacio
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Objective: Establish entanglement between two quantum memories using photons and projective measurements

Credit: Gabo

Quantum 
communication
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Hong-Ou-Mandel Interference

𝜓𝑖𝑛 = |1𝐴 ⟩

𝜓𝑜𝑢𝑡 =
0𝐿, 1𝑅 + 1𝐿, 0𝑅

2

A B BA

L R RL
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Hong-Ou-Mandel Interference

𝜓𝑖𝑛 = |1𝐵 ⟩

𝜓𝑜𝑢𝑡 =
1𝐿, 0𝑅 − 0𝐿, 1𝑅

2

A B BA

L R RL

It arises because the two sides of the half-
mirror are not the same! A phase of pi arises!
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Hong-Ou-Mandel Interference

𝜓𝑖𝑛 = |1𝐴, 1𝐵⟩

𝜓𝑜𝑢𝑡 =
0𝐴,𝐿, 1𝐴,𝑅 + 1𝐴,𝐿, 0𝐴,𝑅

2

1𝐵,𝐿, 0𝐵,𝑅 − 0𝐵,𝐿, 1𝐵,𝑅

2

 𝜓𝑜𝑢𝑡 =
0𝐴,𝐿,1𝐴,𝑅 1𝐵,𝐿,0𝐵,𝑅 + 1𝐴,𝐿,0𝐴,𝑅 1𝐵,𝐿,0𝐵,𝑅 − 0𝐴,𝐿,1𝐴,𝑅 0𝐵,𝐿,1𝐵,𝑅 − 1𝐴,𝐿,0𝐴,𝑅 0𝐵,𝐿,1𝐵,𝑅

2

If the photons are indistinguishable, I can't know who is photon A and who is 
photon B!

𝜓𝑜𝑢𝑡 =
1𝐿,1𝑅 + 2𝐿,0𝑅 − 0𝐿,2𝑅 − 1𝐿,1𝑅

2
=

2𝐿,0𝑅 − 0𝐿,2𝑅

2
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Hong-Ou-Mandel Interference

𝜓𝑖𝑛 = |1𝐴, 1𝐵⟩

𝜓𝑜𝑢𝑡 =
0𝐴,𝐿, 1𝐴,𝑅 + 1𝐴,𝐿, 0𝐴,𝑅

2

1𝐵,𝐿, 0𝐵,𝑅 − 0𝐵,𝐿, 1𝐵,𝑅

2

 𝜓𝑜𝑢𝑡 =
0𝐴,𝐿,1𝐴,𝑅 1𝐵,𝐿,0𝐵,𝑅 + 1𝐴,𝐿,0𝐴,𝑅 1𝐵,𝐿,0𝐵,𝑅 − 0𝐴,𝐿,1𝐴,𝑅 0𝐵,𝐿,1𝐵,𝑅 − 1𝐴,𝐿,0𝐴,𝑅 0𝐵,𝐿,1𝐵,𝑅

2

𝜓𝑜𝑢𝑡 =
1𝐴,𝐿,1𝐵,𝑅 + 1𝐴,𝐿,1𝐵,𝐿 − 1𝐴,𝑅,1𝐵,𝑅 − 1𝐵,𝐿,1𝐴,𝑅

2

09/08/2025
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Projective measurement

𝜓0 =
𝛼𝐴, 𝛾𝐵 + |𝛽𝐴, 𝜃𝐵⟩

2 Qubit A Qubit B

Qubit A

𝛾

𝜓 = 𝛼𝐴, 𝛾𝐵

Postulate of Quantum Mechanics: the collapse of the wave function

𝜓 =
𝑃𝑎|𝜓0⟩

⟨𝜓0|𝑃𝑎𝜓0⟩
, 𝑃𝑎 = |𝑎⟩⟨𝑎|

𝛼

𝑃𝛾 = |𝛾𝐵⟩⟨𝛾𝐵|

𝜓 =
|𝛾𝐵⟩⟨𝛾𝐵 𝛼𝐴, 𝛾𝐵 + |𝛾𝐵⟩⟨𝛾𝐵|𝛽𝐴, 𝜃𝐵⟩

𝑁

09/08/2025



The NV- – a defect with spin 1

C3

Spin total = 1 Spin total = 0

63
7 

nm
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NVs: ↑𝐴 , ↓𝐴 , ↑𝐵 , ↓𝐵

Photons: 1𝐴 , 0𝐴 , 1𝐵 , 0𝐵

09/08/2025



𝜓 = ↑𝐴 | ↑𝐵⟩

𝜓 =
↑𝐴 + ↓𝐴

2

↑𝐵 + ↓𝐵

2

𝜓 =
↑𝐴,1𝐴 + ↓𝐴,0𝐴

2

↑𝐵,1𝐵 + ↓𝐵,0𝐵

2

Projective measurement

So far, no interaction between NVs A and B! 
The spaces are completely separable.

09/08/2025



Projective measurement: 
measuring a photon in one of 
the detectors
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Projective measurement: 
measuring a photon in one of 
the detectors𝜓0 =

↑𝐴,1𝐴 + ↓𝐴,0𝐴

2

↑𝐵,1𝐵 + ↓𝐵,0𝐵

2

𝜓0 =
↑𝐴, ↑𝐵 , 1𝐴, 1𝐵 + ↓𝐴, ↑𝐵 , 0𝐴, 1𝐵 + ↑𝐴, ↓𝐵 , 1𝐴, 0𝐵 + ↓𝐴, ↓𝐵 , 0𝐴, 0𝐵

2

𝑃𝑐𝑙𝑖𝑐𝑘 𝑙𝑒𝑓𝑡 = 0𝐴1𝐵 0𝐴1𝐵 + 1𝐴0𝐵 1𝐴0𝐵 + 1𝐴1𝐵 1𝐴1𝐵

𝜓 =
± ↑𝐴, ↑𝐵, 1𝐴, 1𝐵 ± ↓𝐴, ↑𝐵 , 0𝐴, 1𝐵 + ↑𝐴, ↓𝐵 , 1𝐴, 0𝐵

3

𝜓𝑠𝑝𝑖𝑛

=
± ↑𝐴, ↑𝐵 ± ↓𝐴, ↑𝐵 + ↑𝐴, ↓𝐵

3

It's already an entangled state, but it's not a maximally 
entangled state 

𝑃𝑐𝑙𝑖𝑐𝑘 𝑟𝑖𝑔ℎ𝑡 = − 0𝐴1𝐵 0𝐴1𝐵 + 1𝐴0𝐵 1𝐴0𝐵 − 1𝐴1𝐵 1𝐴1𝐵

09/08/2025



𝜓𝑠𝑝𝑖𝑛 =
± ↑𝐴, ↑𝐵 ± ↓𝐴, ↑𝐵 + ↑𝐴, ↓𝐵

3
𝜓 =

↑𝐴,1𝐴 + ↓𝐴,0𝐴

2

↑𝐵,1𝐵 + ↓𝐵,0𝐵

2

Projective 
measurement: 
measuring a photon in 
one of the detectors09/08/2025



𝜓 =
± ↓𝐴, ↓𝐵 ± ↑𝐴, ↓𝐵 + ↓𝐴, ↑𝐵

3

𝜓𝑠𝑝𝑖𝑛

=
± ↑𝐴, ↑𝐵 ± ↓𝐴, ↑𝐵 + ↑𝐴, ↓𝐵

3

Projective 
measurement

𝜓

=
± ↓𝐴, ↓𝐵 , 0𝐴, 0𝐵 ± ↑𝐴, ↓𝐵, 1𝐴, 0𝐵 + ↓𝐴, ↑𝐵, 0𝐴, 1𝐵

3

09/08/2025



Projective measurement: 
measuring a photon in one of 
the detectors

𝜓0 =
± ↓𝐴, ↓𝐵 , 0𝐴, 0𝐵 ± ↑𝐴, ↓𝐵 , 1𝐴, 0𝐵 + ↓𝐴, ↑𝐵 , 0𝐴, 1𝐵

3

𝜓 =
↓𝐴, ↑𝐵, 0𝐴, 1𝐵 ± ↑𝐴, ↓𝐵 , 1𝐴, 0𝐵

2

𝜓𝑠𝑝𝑖𝑛 =
↓𝐴, ↑𝐵 ± ↑𝐴, ↓𝐵

2
A Bell state!

𝑃𝑐𝑙𝑖𝑐𝑘 𝑙𝑒𝑓𝑡 = 0𝐴1𝐵 0𝐴1𝐵 + 1𝐴0𝐵 1𝐴0𝐵 + 1𝐴1𝐵 1𝐴1𝐵

𝑃𝑐𝑙𝑖𝑐𝑘 𝑟𝑖𝑔ℎ𝑡 = − 0𝐴1𝐵 0𝐴1𝐵 + 1𝐴0𝐵 1𝐴0𝐵 − 1𝐴1𝐵 1𝐴1𝐵

09/08/2025



𝜓

=
± ↓𝐴, ↓𝐵 , 0𝐴, 0𝐵 ± ↑𝐴, ↓𝐵, 1𝐴, 0𝐵 + ↓𝐴, ↑𝐵, 0𝐴, 1𝐵

3

Projective 
measurement

𝜓 =
↑𝐴, ↓𝐵 ± ↓𝐴, ↑𝐵

2

09/08/2025



𝜓 =
↑𝐴, ↓𝐵 ± ↓𝐴, ↑𝐵

2

09/08/2025



The NV-

C3

Spin total = 1 Spin total = 0
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Qubit Operation Loop

Control

Q
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Reading

Q
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𝜓 =
↑𝐴, ↓𝐵 ± ↓𝐴, ↑𝐵

2

Measured in base Z (it is already the base on which we are operating)

Quantum state tomographyMeasured in base X (microwave pulse to rotate the spins)
Laser

NV photons detected

Laser

NV photons detected

↑𝐴

↓𝐴

↑𝐵

↓𝐵

Can this be used to 
realize teleportation of a 
quantum state?

09/08/2025
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Qubits A and B are entangled, Alice has qubits A and C, Bob has qubit B

𝜓 𝐴𝐵 = Ψ+
𝐴𝐵, or any other of the Bell states

𝜓 𝐶 = 𝛼 0 𝐶 + 𝛽 1 𝐶

𝜓 𝐴𝐵𝐶 = 𝜓 𝐶 ⊗ Ψ+
𝐴𝐵 

𝜓 𝐴𝐵𝐶 =
𝛼

2
( 100 𝐴𝐵𝐶 + 010 𝐴𝐵𝐶) +

𝛽

2
( 101 𝐴𝐵𝐶 + 011 𝐴𝐵𝐶)

Alice measures her two qubits in the Bell basis and informs (feeds forward) what 
unitary transformation Bob needs to perform to recover Charlie’s original state

𝜓 𝐴𝐵𝐶 = 1/2 Ψ+
𝐴𝐶 ⊗ 𝛼 0 𝐵 + 𝛽 1 𝐵 +

 Ψ−
𝐴𝐶 ⊗ −𝛼 0 𝐵 + 𝛽 1 𝐵) +

 Φ+
𝐴𝐶 ⊗ 𝛽 0 𝐵 + 𝛼 1 𝐵) +

 Φ−
𝐴𝐶 ⊗ −𝛽 0 𝐵 + 𝛼 1 𝐵)] 

09/08/2025
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Arbitrary rotations on electron spin
Readout of electron spin
Conditional rotations on nuclear spin

2709/08/2025
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Φ−
𝐴,𝐵 ⊗ (𝛼 0 𝐶 + 𝛽 1 𝐶)

09/08/2025
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Φ−
𝐴,𝐵 ⊗ (𝛼 0 𝐶 + 𝛽 1 𝐶)

H

Arbitrary rotations on electron spin
Readout of electron spin
Conditional rotations on nuclear spin

09/08/2025
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𝛼 0𝑥 𝐶 Ψ−
𝐴,𝐵 + 𝛽 1𝑥 𝐶 Φ−

𝐴,𝐵

H

09/08/2025
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00 𝐴𝐶 ⊗ (𝛽 0 𝐵 − 𝛼 1 𝐵)0

1

0

0

0

1

0

11 𝐴𝐶 ⊗ (𝛽 0 𝐵 + 𝛼 1 𝐵)

00 𝐴𝐶 ⊗ (𝛼 0 𝐵 − 𝛽 1 𝐵)

11 𝐴𝐶 ⊗ (𝛼 0 𝐵 + 𝛽 1 𝐵)
1

09/08/2025
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Even though individual gates on the electron spins are fast (~50 ns),
implementation of quantum gates on nuclei and combined gates are slow (~100 us)
Electrons must have long coherence times!!!

09/08/2025
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Success rate: 1

250 𝑠

09/08/2025
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Challenge 1: Interfering photons must be indistinguishable!

Only <10% of the photons emitted by NV are useful!

09/08/2025
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Challenge 1: Interfering photons must be indistinguishable!

Only <10% of the photons emitted by NV are useful!

Challenge 2: Extracting photons from diamond is inefficient

The refractive index of diamond is very high, total 
internal reflection occurs

Challenge 3: Protocol relies on synchronization

C3

Cavities: enhancement of photon emission through 
Purcell effect, enhancement of photon collection 
through channeling into a directional mode, etc. 

09/08/2025
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Alternative platforms and protocols

09/08/2025
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• Available nuclear spin 
register

• High symmetry defect! 
Highly stable optical 
transition, low coupling 
to phonons, stable 
when integrated into 
cavities

• BUT: sub-K operation

09/08/2025



4109/08/2025



42

• Reflection-based spin-
photon entanglement 
gate

09/08/2025
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𝜓𝑠𝑝𝑖𝑛 = ↑ + ↓ / 2 𝜓𝑒𝑛𝑡 = 𝛽𝑙 ↑, 𝑙 + 𝛽𝑒 ↓, 𝑒 / 2

𝜓𝑝ℎ𝑜𝑡 = 𝛽𝑒 𝑒 + 𝛽𝑙 𝑙 / 2

09/08/2025
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• No longer dependent on synchronizing the 
photon emission from the two stationary 
qubits!

• Less sensitive to polarization fluctuations, 
etc. Photonic quantum state encoded in 
early, late arrival time information.

09/08/2025
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Systems analogous to NV, easier materials to process and optical transitions 
in the telecom

SiC

(Mo+1/V0)

09/08/2025



• Know your qubit! Mapping quantum circuits into actual 
physical operations on the qubit requires deep knowledge 
about the experimental platform, and creativity!

• Gate infidelity can add up quickly (even when we are 
doing nothing, we are doing something)

• There are still outstanding challenges on the material side 
of things, but this does not prevent us from testing 
platforms and learning from it. 

Some final remarks:
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