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Color centers in crystals

Example : diamond
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Color centers in crystals

Example : diamond
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Color centers = artificial atoms trapped in the crystal

- perfect crystal lattice
conduction band
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Color centers = artificial atoms trapped in the crystal
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Color centers = artificial atoms trapped in the crystal
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Quantum degrees of freedom of single color centers

conduction band
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Quantum degrees of freedom of single color centers
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Quantum degrees of freedom of single color centers
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The NV center in diamond

Nitrogen + Vacancy
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The NV center in diamond

Nitrogen + Vacancy
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» 1%t isolation at single defect scale
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The NV center in diamond

Nitrogen + Vacancy

excitation
@ 532nm

S

emission
@ 637nm

» 1%t isolation at single defect scale

Gruber et al.,
Science 276
(1997)

single NV
center

:> exceptional spin properties even at room-temperature!

coherence time T, (@300K)™~ 2 ms

Naydenov et al., PRB 83 081201 (2011)



Quantum technologies with the NV center in diamond

» Quantum sensing

T —
AFM tip MW
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NV defect % §

Rondin et al., APL 100 (2012)

::> commercial machines since 2010!



Quantum technologies with the NV center in diamond

» Quantum sensing
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Issue with propagation in optical fibers

A strong attenuation
in optical fibers

telecom bands
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Issue with propagation in optical fibers

A strong attenuation
in optical fibers
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Issue with propagation in optical fibers

strong attenuation
in optical fibers

telecom bands > 15t strategy: Quantum frequency conversion
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A no telecom color centers in diamond
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From diamond to silicon
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From diamond to silicon

DIAMOND | > SILICON

not adapted to large-scale
industrial nanofabrication

> 1%t detection of a single
color center: 2020
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Redjem al., Nat Elec. 3 (2020)
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Single color centers in silicon



First detection of individual color centers in silicon

Optical scan at 10 K

carbon-implanted silicon

Redjem*, Durand* et al., Nat. Electron. 3 (2020)



First detection of individual color centers in silicon

Optical scan at 10 K
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First detection of individual color centers in silicon

Optical scan at 10 K

carbon-implanted silicon
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First detection of individual color centers in silicon

Optical scan at 10 K

carbon-implanted silicon

=

[s/s393] 1d

Redjem*, Durand* et al., Nat. Electron. 3 (2020)
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11 families of individual fluorescent defects in silicon
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> unidentified defects: G*: redjem et al., Nat. Electron. 3 (2020)

SD1,SD3-SD6: Durand et al., PRL 126 (2021)

> well-known color centers from the literature

Photoluminescence

Davies, Physics Reports 176 (1989)

856 C,
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G: Baron et al., APL 121 (2022);
Hollenbach et al.,Nat. Comm. 10 (2022)

W: Baron et al., ACS Photonics 9 (2022)
T: Higginbottom et. al., Nature 607 (2022)
Er: Gritsch et. al., Optica 10 (2023)

C;: Durand et al., PRL 126 (2021)
Jhuria et al., Nat. Comm. 15 (2024) 10



Spin control of single color centers in silicon

single Er dopants

> coherent control of the electron spin
Rabi oscillations
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Spin control of single color centers in silicon

> coherent control of the electron spin

Fluorescence [arb. u.]

Gritsch et al., Nat. Comm. 16 (2025)
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single Er dopants

Rabi oscillations
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MW pulse length [us]

T,~50 S
+ single shot readout

single T centers

coherent control of eIectron/Jand nuclear spins\
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Afzal et al.,
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The G center in silicon



The G-center in silicon

> carbon-related complex
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Donnell et al., Physica B+C 116 (1983)
Udvarhelyi et al., Phys. Rev. Lett. 127 (2021)

12



The G-center in silicon

> carbon-related complex ; ‘
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A reorienting defect!

» motion of the Si.atom between 6 sites

Donnell et al., Physica B+C 116 (1983)
Udvarhelyi et al., Phys. Rev. Lett. 127 (2021)
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A reorienting defect! Y
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» optical signature of the Si W\J\J\VW
motion on single G centers
in SOl samples W
W\/\Ww

Durand et al., PRX 14 (2024) /
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» motion of the Si.atom between 6 sites

PL [arb. u.]

T T T T T —
0.967 0.969 0.971 0.973
Energy [eV]

Donnell et al., Physica B+C 116 (1983) .
Udvarhelyi et al., Phys. Rev. Lett. 127 (2021) under above bandgap excitation, the Si; behaves
like a ball in a 6-slot roulette wheel
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Controlling the G center emission with integration

» Stark tuning in p-i-n junction > strain tuning in a MEMS cantilever
G ensemble
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Controlling the G center emission with integration

» Stark tuning in p-

i-n junction
G ensemble
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» strain tuning in a MEMS cantilever

AA (pm)

» G center integration
in photonic cavities

Lefaucher et al, APL
122 (2023)

Buzzi et al.,
Nat. Comm. 16 (2025)

Komza et al., Nat. Comm. 15 (2024)

waveqguide

Saggio et al, Nat.
Comm. 15 (2024)

Ma et al., ACS Photonics
12(2025)
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Single G center integration in cavities

sample simul. &
fabrication

» circular Bragg grating cavity
@Leti & Pheligs ; ‘
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Single G center integration in cavities

sample simul. &
fabrication » circular Bragg grating cavity
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Electron spin control of single G centers



Optical detection of magnetic resonance on single G centers

» (MS) electron spin triplet:
zero-field splitting interaction

f; o2 o2 o2

_____________

Udvarhelyi al., PRL 127 (2021)
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Optical detection of magnetic resonance on single G centers

spin
initialization

Laser |, 5 Ms
init. [

» (MS) electron spin triplet:
zero-field splitting interaction

f; o2 o2 o2

_____________

Udvarhelyi al., PRL 127 (2021)
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Optical detection of magnetic resonance on single G centers

» (MS) electron spin triplet:
zero-field splitting interaction

7 o2 o2 o2

spin 0 spin
initialization rotation

Laser |, 5Hs
‘ init. [ 'MW\

> 2 spin transitions Amg = +1
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Optical detection of magnetic resonance on single G centers

spin spin spin state
initialization rotation readout

Laser |, 5us ) 5us | Laser
‘ init. [ | MWt init. \

» (MS) electron spin triplet:
zero-field splitting interaction

Ho = DS? + E(52 - S

A

> 2 spin transitions Amg = +1
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Optical detection of magnetic resonance on single G centers

. . 1 in .
> (MS) electron spin triplet: N _Sll?'” . ro?cgtion SPmdState
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Coherent manipulation of a single G center

» Rabi oscillations on a single G in silicon
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Ramsey spectroscopy on a single G center

» Ramsey fringes or free-induction decay
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Ramsey spectroscopy on a single G center

» Ramsey fringes or free-induction decay
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Fine spin structure

Ramsey spectroscopy
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Fine spin structure

Ramsey spectroscopy
S
v ¥ ~
v O
v
o
0n
T T T T T (]LJ
v =
v 8
++ v c
O -
=
o OOQ O
0 | é | 1IO 15 20 25

Frequency detuning (MHz)

ODMR contrast (%)

High-resolution ODMR spectra

670

680 690 700

710

720

(47)

. , .
1710

MW Frequency (MHz)

T T T T T T
1720 1730 1740

, .
1750

20



Fine spin structure

670 680 690 700

High-resolution ODMR spectra

710

720

(47)

Ramsey spectroscopy
5
6 i
S
: Ly 5 . S
Q Fine =
N o
. —— | S structure =
v 2 . . S
‘ 3 origine? o
vh Y ' z
h = o
=
O, oOo O
o 5 10 15 20 25
Frequency detuning (MHz)
hyperfine to nuclear spins?
\.\ 29j or 1=1/2)
‘\j

(-> no hyperfine splitting at B = 0)

T T T T T T T T T
1710 1720 1730 1740

MW Frequency (MHz)

Lee et al., Nat. Nano 8 (2013)
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Transition-selective Rabi oscillations

High-resolution ODMR spectra
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Transition-selective Rabi oscillations

High-resolution ODMR spectra
670 680 690 700 710 720
5 | | | | 1 | 1 |
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Transition-selective Rabi oscillations

High-resolution ODMR spectra
670 680 690 700 710 720

ODMR contrast (%)
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:> electron spin tumbling
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Conclusion & outlook



Conclusion for G center spin control

» high-purity single photon emission from a single G
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Wavelength (um)

» G electron spin coherent control
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Cache et al., arXiv:2510.15590 (2025)
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Outloook for the G center in silicon

ES
» nuclear spin control?

f 29g; \ 13C

electron-spin free GS -> extra long nuclear spin T,

PL

4h for ionized donors in 28Si: Saeedi et al., Science 342 (2013)
GS
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Outloook for the G center in silicon

ES
» nuclear spin control?

f 29g; \ 13C

electron-spin free GS -> extra long nuclear spin T,

PL

~
~

4h for ionized donors in 28Si: Saeedi et al., Science 342 (2013)
[111]  GS

» spin tumbling control?

‘ above bandgap excitation

« casino roulette » dynamics

‘ resonant excitation

spin orientation locking?

Durand et al., PRX 14 (2024) 23



Outloook for the G center in silicon

» spin tumbling control?

‘ above bandgap excitation

« casino roulette » dynamics

‘ resonant excitation

spin orientation locking?

Durand et al., PRX 14 (2024)

//

—

» nuclear spin control?

; 29g; \ 13C

electron-spin free GS -> extra long nuclear spin T,
4h for ionized donors in 28Si: Saeedi et al., Science 342 (2013)

» spin to investigate the G rotation?

delocalized rotational states ? |:> strain engineering
Udvarhelyi et al., Phys. Rev. Lett. 127 (2021)

top- or rotor-like dynamics I:> temperature
Donnell et al., Physica B+C 116 (1983)
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Enhancing the emission of single W centers

> the W center in silicon

tri-interstitial OO% % % 20
defect

Baron*, Durand* et al., cél be %
ACS Photonics 9 (2022) ob 20- G~

single W centers
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Enhancing the emission of single W centers

» the W center in silicon » integration of single W centers in CBG cavities Leti &
with deterministic positioning Pheligs
o Q %) Lefaucher et al., arXiv:2501.12744 (2025)
?o T % %0 o
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. . 2
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Controlling the optical interface of color centers in silicon

,Q@V The next challenge: long-term indistinguishable photon emission !

A solid-state emitters -> spectral diffusion, dephasing, inhomogeneous static environment

» HOM on a single integrated G center » spectral wandering on a single integrated T center
0.7 x10732.0
— 0.6/ f“ il { ."‘;"!, e 18
F g i'|' ’;,‘ Q o integration degrades
_ =05 T 'I g)! 4 235 107 the optical coherence
o4 [k s 3 o
o> 0.41 1 kH | g S 05
03 . g { s.;l,:, Bowness et al., PRX Quantum 6 (2025)
¢ 0.0
02 ——F——F——F"———"F7—
-6—-4-20 2 4 ©
; -w.)/2m (GH
delay time T (ns) )i 2ar ((5hz)
Komza et al., Nat. Comm. 15 (2024) Zhang et al., PRX Quantum. 6 (2025)
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