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Rare Earth Doped Crystals

Lanthanides, scandium, yttrium
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Lanthanides

Actinides
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Stable centres, no bleaching

IR

Single crystals, films, particles

Y-SiOs5:Eus+ emission under UV excitation

Lasers, phosphors, bio-probes...



Energy Levels and Transitions

Energy (cm-1)

10 Optical transitions in the visible and
10uys-1ms infrared range

/ Screening of 4f electrons: long

optical T2 (at LHe temp)
100 uys - 10 ms

/ Electron and/or nuclear spins

10-1 Optical quantum memories
) Spin levels/qubit in bulk crystals and fibres
P Goldner, A. Ferrier, and O. Guillot-Noél, in Handbook on IR W. Tittel et al., Nature Photon., 20009.

the Physics and Chemistry of Rare Earths, vol. 46, 2015 M. Zhong et al., Nature, 2015.



Crystals and Quantum State Dynamics

Designing and growing crystals with long lived quantum states
Controlling quantum states dynamics by external fields
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Crystal growth bulk, particles, thin films
High resolution and
coherent spectroscopy

RHS—-echo evolution time [s]

107 10

Quantum information processing
High bandwidth signal processing
Ultrasound optical tomography
Ultra stable laser locking



Chimie ParisTech

Chimie Paristech founded in 1896 -

moved to the present building in the
Latin quarter in 1920
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About 300 students follow lectures In
all fields of chemistry

Paris Institute for Chemical

Research: about 200 researchers
and PhD students




Recent Results with RE Spins

Electric field effects

Stark shift on RE spins
Qu. memory protocol

T- extension

Trains of RF pulses
Clock transitions
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Magnetic field amplitude (T)

A. Arcangeli et al., PRA 2016 A. Tiranov et al., arXiv 2017
R.M. Macfarlane et al. PRL 2014.
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Storage

Optical and microwave
excitations to spin
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G. Wolfowicz et al., PRL 2015.
M. Lovric et al., PRL 2013.



Rare Earth lons as Qubits

Scalability: optical addressing

Absorption coeff. (cm-1)

-6 -4 -2 0 2 < 6
Frequency (GHz)

Ensemble linewidth INinh = 2 GHZ
Single ion linewidth I'n = 1kHz

104 qubits!!

N. Ohlsson et al., Opt. Commun., 2002.
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Gates: all-optical

Single qubit Two qubit

lexe> —/————— —

|0>
1>

High fidelity

A. Walther et al., PRA, 2015; I. Roos et al., PRA, 2004.
J. J. Longdell et al., PRL, 2004.



Rare Earth lons as Qubits

Initialization: optical pumping
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1.6 Eu:YSO
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B. Lauritzen et al., Phys. Rev. B, 2012.
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Readout: single ion detection
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Fluorescence (counts s71)

Long T1: low count rate

I. Utikal et al. Nat. Commun., 20714; R. Kolesov et al., Nat.
Commun. 2012; C. Yin et al., Nature, 2013.



Improving Detection: Cavities

High Q nano-cavity

Purcell enhancement
High collection efficiency

I. Zhong et al., Nat. Commun., 2015.,
I. Zhong et al., arXiv, 2018, A. Dibos et al., arXiv, 2017.

Fiber micro-cavity: D. Hunger, KIT
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High-Q tunable cavity

Rare earth nanoparticles

B. Casabone,...,PG, H. de Riedmatten, and D. Hunger,

arXiv, 2018.




Rare earth spins at the
nanoscale



Optical Spin Control

Extra degree of freedom

Interface w/ photonic qubits

Faster operations
Easier implementation

Defects in diamond
Quantum dots

G. Waldherr et al., Nature, 2014.
D. Press, Nat. Photonics 2010.
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151Eu3+: nuclear spin | = 5/2

+5/2

°Do —_— 13/2

+1/2

580 nm

+1/2

$ 29 MHZ
Fo 23/2$

34 MHz

+5/2

J. Karlsson et al. J. Phys.: Condens. Matter 2017.



Nanoparticles

0.5% Eu3+:Y203

Homogeneous precipitation
Monodispersed, spherical

High temperature annealing

Cubic phase
Defects reduced at 1200 °C

Long optical T2 in bulk crystal Particle size: 400 nm
and transparent ceramics Crystallite size: 130 nm

e o . IR | Ceramics: A. Ferrier, ..., PG, Phys Rev B 2013 - N. Kunkel, ...,
Particles: K. de QOliveira Lima, ..., PG, J. Lumin. 2015. PG, APL Mat. 2015, J. Phys. Chem. C 2016, PRB 2017




The Echo Technique

Excitation (1t/2) Rephasing (1) Echo

T

T " \ Time

Create quantum Reverse time Emission (photon)
states evolution Magnetization (spin)

Echo: only ions with unperturbed quantum states

Coherence lifetime: lecho = exp(-4t/T2)

Homogeneous linewith: I'h = (T2)"

E. L. Hahn, Phys. Rev. 1950.

I. D. Abella, N. A. Kurnit, and S. R. Hartmann, Phys. Rev. 1966.



All-optical Spin Echoes

151EuS+; nuclear spin | = 5/2

+5/2
5D +3/0 Excitation Rephasing Echo
+1/2
580 nm ) T ) T ] Time
Optical 2-color pulses Optical probe

=12 4 20 MHz
Fo +3/2

{ 34 MHz
+5/2

IR D. Serrano, J. Karlsson, A. Fossati, A. Ferrier, and
PG, arXiv, 2017.

J. Mlynek et al., Phys. Rev. Lett., 1983.



Experimental Setup

b . I Echo: FFT of heterodyne signal
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R. Pierrat et al., arXiv, 2018.




Optical Pumping

Spin polarization: increased signal
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Spin Coherence Lifetimes

Excitation Rephasing Echo
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PG, arXiv, 2017. J. Phys.: Condens. Matter 2017.



Magnetic Field Effects

300--,I —— 11— | T2 up to 2.9 ms
| — -1
250 %@ Fh = (nT2)7, Strong homogeneous linewidth
decrease for field of 1-2 mT
200 -

Interactions with electron spins (defects),
reduced When Hdd<<HZeeman

-
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Longer lifetimes possible
In higher quality samples

Magnetic field (mT)

IR D. Serrano, J. Karlsson, A. Fossati, A. Ferrier, and
PG, arXiv, 2017.




Dynamical Decoupling

CPMG sequence 2-color pulses: single AOM
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Relative phases are important High phase stability over minutes

IR D. Serrano, J. Karlsson, A. Fossati, A. Ferrier, and
PG, arXiv, 2017.




To Extension

Coherence time T,55 (MS)

Excitation
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T2 up to 8 ms

Balance between decoupling and
pulse error accumulation

Pulse fidelity: limited by the strong
scattering in the powder

Larger decoupling in a single particle

D. Serrano, J. Karlsson, A. Fossati, A. Ferrier, and
PG, arXiv, 2017.



Phase Coherence

Input/output phase comparison 10 -pulses
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IR D. Serrano, J. Karlsson, A. Fossati, A. Ferrier, and
PG, arXiv, 2017.




Optical T2in nanocrystals




Echo Decay in Nanocrystals

Excitation Rephasing Echo

U s

Time

Log(echo amplitude)

Suitable for high fidelity spin gates

IR J. G. Bartholomew, K. de Oliveira Lima, A. Ferrier, and PG,
Nano. Lett. 2017.
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Summary

Nuclear spins with ms long coherence lifetimes measured by
all-optical techniques

Coherence lifetime extension by dynamical decoupling using trains
of 2-color optical pulses

T2 iImprovement by lowering magnetic defects concentration and
In single particles

Rare earth doped nanoparticles: optically controlled qubits




Photon Echo In Powders
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500 pm thick

N lens
powder @ 4K
580 nm

7Fo - 5D
transition

detector

Light scattered by the powder

A. Perrot, PG, et al. Phys. Rev. Lett. 2013.
F. Beaudouyx, ..., PG, Opt. Express 2011.

Interferometric detection

Excitation Rephasing Echo

Frequency
shifted probe
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