
Transform-limited photons from a 
coherent tin-vacancy spin in diamond

Benjamin Pingault
Then: Atature group, Cavendish Laboratory, University of Cambridge, United Kingdom

Now: Loncar group, Laboratory for Nanoscale Optics, School of Engineering and Applied Sciences, Harvard University, 
USA

GDR IQFA Paris, 15th November 2019



Motivation

• Colour centre: local defect in crystal lattice ~ single atom trapped in solid-state 
matrix

• Wide range of applications (especially NV-): quantum information processing [1], 
magnetometry [2], biolabelling [3],…

• Interest in negatively charged group IV-vacancy colour centres (SiV, GeV, SnV, PbV):

• Emission concentrated into Zero Phonon Line due to 
low coupling to phonons [4]

• Insensitive to charge noise to first order thanks to their
inversion symmetry, resulting in limited spectral 
wandering and inhomogeneous broadening

• Stable in nanostructures (bulk-like optical properties) [5]

• Goal: Integration into a quantum network as spin-photon interface

[1] Wrachtrup J, et al., J. Phys.: Condens. Matter 18, S807–S824 (2006)

[2] Maze JR, et al., Nature Letters 455, 644-648 (2008)

[3] Neugart F, et al., Nano Letters 7, 3588-3591 (2007) 

[4] Neu E, et al., New J.Phys.13, 025012 (2011)

[5] Evans RE, et al., Phys. Rev. App. 5, 044010 (2016))
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Characteristics of Group IV – Vacancy centres

• X - V-: X=Si, Ge, Sn, Pb atom and lattice vacancy + 
trapped electron, oriented along <111> directions

• Characteristic 4-line structure at low T

Split ground and excited states [6]

• Negative charge state has spin S = 1/2 [7]

[6] Clark CD, et al., Phys. Rev. B 51, 16681 (1995)
[7] Müller T, et al., Nat. Commun. 5, 3328 (2014)



Characteristics of Group IV – Vacancy centres

• X - V-: X=Si, Ge, Sn, Pb atom and lattice vacancy + 
trapped electron, oriented along <111> directions

• Characteristic 4-line structure at low T

Split ground and excited states [6]

• Negative charge state has spin S = 1/2 [7]

[6] Clark CD, et al., Phys. Rev. B 51, 16681 (1995)
[7] Müller T, et al., Nat. Commun. 5, 3328 (2014)



Characteristics of Group IV – Vacancy centres

• X - V-: X=Si, Ge, Sn, Pb atom and lattice vacancy + 
trapped electron, oriented along <111> directions

• Characteristic 4-line structure at low T

Split ground and excited states [6]

• Negative charge state has spin S = 1/2 [7]

[6] Clark CD, et al., Phys. Rev. B 51, 16681 (1995)
[7] Müller T, et al., Nat. Commun. 5, 3328 (2014)



Current state-of-the-art with SiV centres

• Optics:

– Near-lifetime-limited transition linewidths in nanostructures (Evans RE, et al., 
Phys. Rev. App. 5, 044010 (2016))

– Source of indistinguishable photons (Sipahigil A, et al., Phys. Rev. Lett. 113, 113602 
(2014))

– Single photon switch in nanobeam (Sipahigil A, et al., Science 354, 847 (2016))

– Controlled strain-tuning of optical transitions (Sohn YI, et al., Nat. Commun.. 9, 2012 
(2018))

• Spin:

– Optical initialisation and readout (Rogers LJ, et al., Phys. Rev. Lett. 113, 263602 (2014), 
Pingault B, et al., Nature Commun. 8, 15579 (2017))

– Coherent control by microwave (Pingault B, et al., Nature Commun. 8, 15579 (2017)) and 
all-optically (Becker J, et al., PRL 120, 053603 (2018))

– Coherence time and population decay time limited

at 4K by phonon-mediated transitions between ground

state orbital branches (Pingault B, et al., Nature Commun. 8, 

15579 (2017), Jahnke KD, et al., New J. Phys. 17 (2015))
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Effect of strain on energy levels

• Collaboration with Lončar group 
(Harvard)

• Controlled application of strain
to single SiV centres with
diamond cantilever

• Transverse strain spreads optical
transitions apart

Ground and excited states spread 
further apart

• Ground state splitting from 50 
to 470 GHz

Sohn YI, et al., Nat. Commun.. 9, 2012 (2018)

Meesala S, et al., Phys. Rev. B 97, 205444 (2018)  
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Spin coherence times

• Spin dephasing rate decreases
with ground state splitting

• At maximum splitting, we
obtain 𝑻𝟐

∗ = 𝟐𝟓𝟎 ± 𝟐𝟎 𝐧𝐬
(compared to 300 ns at 100 mK
(Sukachev, PRL (2017)))

• 𝑻𝟏,𝒔𝒑𝒊𝒏 improved by factor 20, 

up to 𝑇1,𝑠𝑝𝑖𝑛 = 2.5 µs

S
p
in

 d
e
p
h
a
s
in

g
ra

te
 (

M
H

z
)

Sohn YI, et al., Nat. Commun.. 9, 2012 (2018)

Meesala S, et al., Phys. Rev. B 97, 205444 (2018)  



Spin coherence times

• Spin dephasing rate decreases
with ground state splitting

• At maximum splitting, we
obtain 𝑻𝟐

∗ = 𝟐𝟓𝟎 ± 𝟐𝟎 𝐧𝐬
(compared to 300 ns at 100 mK
(Sukachev, PRL (2017)))

• 𝑻𝟏,𝒔𝒑𝒊𝒏 improved by factor 20, 

up to 𝑇1,𝑠𝑝𝑖𝑛 = 2.5 µs

S
p
in

 d
e
p
h
a
s
in

g
ra

te
 (

M
H

z
)

S
p
in

 d
e
p
h
a
s
in

g
ra

te
 (

M
H

z
)

Sohn YI, et al., Nat. Commun.. 9, 2012 (2018)

Meesala S, et al., Phys. Rev. B 97, 205444 (2018)  



Spin coherence times

• Spin dephasing rate decreases
with ground state splitting

• At maximum splitting, we
obtain 𝑻𝟐

∗ = 𝟐𝟓𝟎 ± 𝟐𝟎 𝐧𝐬
(compared to 300 ns at 100 mK
(Sukachev, PRL (2017)))

• 𝑻𝟏,𝒔𝒑𝒊𝒏 improved by factor 20, 

up to 𝑇1,𝑠𝑝𝑖𝑛 = 2.5 µs

S
p
in

 d
e
p
h
a
s
in

g
ra

te
 (

M
H

z
)

S
p
in

 d
e
p
h
a
s
in

g
ra

te
 (

M
H

z
)

Sohn YI, et al., Nat. Commun.. 9, 2012 (2018)

Meesala S, et al., Phys. Rev. B 97, 205444 (2018)  



The Tin-Vacancy centre (SnV)

Idea: Use colour centre with larger ground state splitting

• The recently evidenced SnV centre [8,9] has a 
ground state splitting of 850 GHz (compared to 50 
GHz for SiV)

• Study single SnV centres in nanopillars

[8] Iwasaki T, et al., Phys. Rev. Lett. 119, 253601 (2017)

[9] Tchernij SD, et al., ACS Photonics 4, 2580 (2017)  
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Magneto-optical response

Energy levels deduced from same
Hamiltonian as for SiV (Hepp C, et al., Phys. Rev. 

Lett. 112, 036405 (2014)) with:
• Jahn-Teller effect: lifts orbital degeneracy
• Spin and orbital Zeeman effects

• Spin-orbit coupling: only LZSZ component 

(z along SnV axis)

Lifts orbital degeneracy and provides
inherent quantization axis for spin along
<111> (SnV axis), resulting in effective 
quantisation axes due to competition
between SO and applied B-field

• ‘Spin-preserving’ transitions much more 
intense than ‘spin-flippling’ ones

Very strong spin-orbit coupling

• Strain reinforces ‘spin-flipping’ 
transitions
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Optical coherence
• g(2) above saturation confirms single emitter

nature with g(2)(0) = 0.09 ± 0.03 and coherence
of optical transition over 5.9 ± 0.3 ns 

• Lifetime-limited linewidths: measured
transition linewidths down to 30 ± 2 MHz 
(typical 57 ± 17 MHz), corresponding to 
measured optical lifetime τ = 4.5 ± 0.2 ns (1/2π
τ = 35 ± 5 MHz)
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Optical selection rules
• Resonant excitation 

under magnetic field

• Evidence of selection
rules consistent with spin 
S=1/2 and demonstrating
its optical addressability

• ‘Spin flipping’ transitions 
succesfully excited
resonantly (consistent 
with different effective 
spin quantisation axes 
between ground and 
excited states, confirms
state assignment)
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Spin properties
• Optical initialisation of spin 

up to 98% through optical
pumping of ‘spin preserving’ 
transition (A1)

• Measured spin T1 = 10.8 ± 0.5 
ms at 3.25K

• Temperature dependence of 
T1 consistent with single 
phonon-mediated spin decay

• Optically detected magnetic
resonance: T2* = 540 ± 40 ns
at ~2.5K, consistent with 13C
nuclear spin bath limit

No need for dilution 
refrigerator (unlike for SiV and 
GeV)
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Conclusion & outlook

• Experimental evidence of electronic structure of SnV similar to that of SiV

• Excellent optical properties of single SnV in nanopillars: Lifetime-limited
transition linewidth

• Optical initialisation and readout of spin

• T1, spin up to 10.8 ± 0.5 ms at 3,25K, still phonon-limited

• Optically detected magnetic resonance: T2* = 540 ± 40 ns, consistent with
limitation by nuclear spin bath

• ArXiv:1811.07777

• Coherent control of spin

• Dynamical decoupling

• Further integration into diamond nanostructures
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Explanation from model
• B field at an angle of 54.7° from <111> axes (inherent quantization axis due to spin-

orbit)              Induces non-diagonal components in spin-orbit basis

• Excited state: spin state dominated by spin-orbit

• Ground state: superposition of spin in spin-orbit basis due to comparable 
spin-orbit and non-diagonal components

Excited state

Ground state

Hepp C, et al., Phys. Rev. Lett. 112, 036405 (2014)  



Rabi oscillations
• Microwave in resonance, vary pulse duration

• Rabi oscillations of electronic spin for both orientations 
of nuclear spin

• Verify power and detuning dependence of Rabi 
frequency

• Rabi frequency about 15 MHz, comparable to NV



Ramsey interferometry

• Ramsey sequence: two π/2 pulses separated
by variable delay τ

• Microwave frequency detuning such that:
δ1 = δ2

• Extract spin dephasing time T2* = 115 ns at 
3.6 K



Phonon-induced decoherence

• Measure T2* dependence on temperature

• Consistent with T1,orbital temperature dependence
Decoherence from single phonon excitation to upper

orbital branch

• Same decoherence mechanism for T1,spin

Jahnke et al., NJP 17, 043011 (2015)



Diamond cantilevers
Collaboration with group of Marko Lončar
(Harvard)

• Cantilevers etched into bulk diamond

• 28Si implanted at specific locations 
along cantilevers (Sandia lab)

• Metal electrodes form parallel-plate 
capacitor

• Applying voltage causes cantilever to 
bend down

Tunable strain

• Cantilever along [110] axis

2 unequivalent orientations of SiV

Focus on SiV experiencing transverse 
strain



Orbital decay rates in ground state

• Pump-probe experiment to 
measure orbital population decay
time as a function of ground state 
splitting

• Fit with function of the form:

~∆𝒈𝒔
𝜶 2𝒏𝒕𝒉 ∆𝒈𝒔 + 1

• Deduce upward- and downward-
rates

• Measurement limited to low
ground state splittings

• Expect decrease in phonon 
population from 120 GHz onwards



Coherent population trapping

• Apply external magnetic field B=0.2 T at 
angle of 54.7° with SiV axis

All optical transitions allowed

• Perform coherent population trapping
between Zeeman-split spin sublevels in 
ground state

• Measure CPT dip width as ground state 
splitting is increased

• Reveals two CPT dips, consistent with
coupling to a neighbouring spin 1/2


