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Computing
The Sunway TaihuLight

10 million CPU - 1017 operations/s

A digital quantum computer

49 quantum registers by 2017



Quantum Technologies

Quantum communication 

Quantum technology companies

High-tech companies

Applications
Quantum computing

Quantum sensing

Molecule, drugs, material design 
Machine learning

Magnetic and electric fields 
Forces, gravity

Quantum internet 
Quantum cryptography



No Small Effort
Large scale research programs

China : five-year national plan 
   (2016-2020)


UK Quantum Tech. Programme 
   (2015-2019, 300 M€ )


EU Quantum Flagship 
   (2018-2028, 1 B€)

The Economist, 2017



A new platform



Quantum States
Classical system
Energy

1

0

Quantum system Lifetime
Energy

|1>

|0>

Quantum states: 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2 states: ‘0’ and ‘1’ 
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Rare Earth Ions: Qubits

Optical transitions in the visible 
and infrared range


Screening of 4f electrons: long 
optical T2 (at LHe temp) 

Electron and/or nuclear spins
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100 µs - 10 ms

P. Goldner, A. Ferrier, and O. Guillot-Noël, in Handbook on 
the Physics and Chemistry of Rare Earths, vol. 46, 2015



RE: Interfaces and Memories
With light 

Quantum memories 
for optical photons
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the transfer and storage periods. This means that EIT-based memory 
is not affected by the spontaneous decay of this state.

In 2001, the first experimental demonstrations of EIT-based 
light storage were reported37,38. In the study of Phillips et al.37, mac-
roscopic 10–30-μs pulses at a wavelength of 795 nm were stored in 
a 4-cm rubidium vapour cell for up to 0.2 ms. Liu et al.38 magneti-
cally trapped a thermal cloud of sodium atoms to achieve a memory 
decay time of 0.9 ms, and in this study the verification of memory 
performance involved measuring the intensity of the stored and 
retrieved pulses.

Gorshkov et al.39 developed a detailed theory of the EIT-based 
storage of light for a variety of experimental configurations, which 
has provided techniques for optimizing memory performance. In 
the case of optimal matching of the temporal shapes of the input 
signal and control fields, the optical depth αL (where α is the absorp-
tion index) of the storage medium outside the EIT window is the 
only parameter that determines the storage efficiency. For efficient 
storage, αL must be significantly greater than one.

This requirement can be understood as follows. First, the spec-
trum of the signal pulse must fit within the transparency win-
dow, thus imposing a lower bound on the signal pulse duration. 
Second, the pulse must fit geometrically within the EIT medium; 
the spatial extent of the signal pulse, compressed as a result of the 
slow-light effect, must not exceed L, thus setting an upper bound 
on the signal pulse duration. These bounds can be satisfied at the 
same time if the slowdown is sufficient, which requires the contrast 
in the EIT window — and therefore αL — to be high. Fulfilling this 
requirement is a challenge in many optical arrangements, including 
in magneto-optical traps and solid-state systems.

The findings of Gorshkov et al. were verified in an experiment 
involving warm rubidium vapour. For moderate optical densities 
(αL <~ 25), the experimental results showed excellent agreement 
with a three-level theoretical model that has no free parameters40–42 
(Fig. 2b). For higher optical densities, four-wave mixing effects 
become important, leading to the generation of an additional (idler) 
optical mode. Although the associated parametric gain may lead to 
better compression of the pulse43, it also introduces additional quan-
tum noise that degrades the storage fidelity.

EIT-based memory can be implemented in solid media, which 
has advantage of significantly longer storage times. Following ini-
tial observations of EIT44, and ultraslow and stored light45 in pra-
seodymium-doped Y2SiO5 crystals, Longdell et al. stored light in a 
similar crystal with a decay time of 2.3 s (ref. 46). A disadvantage of 
this crystal in light-storage applications is its relatively low optical 
density, which results from the inhomogeneous broadening associ-
ated with the difference in ionic radii of Y3+ and Pr3+. Attempts to 
increase the dopant concentration only result in a broader line with-
out increasing the optical density. Recently, EIT has been observed 
in Pr3+:La2(WO4)3 (another praseodymium-doped crystal), which 
exhibits an inhomogeneous broadening that is 15 times smaller than 
Pr3+:Y2SiO5 but has significantly increased homogeneous decay47.

We now review a few experiments in which quantum states of 
light have been stored and retrieved, with the retrieved pulses retain-
ing some of their non-classical properties. In 2005, single photons 
generated using the DLCZ protocol (see below) were stored in a cold 
atom cloud48 and a vapour cell49, and retrieved approximately 0.5 μs 
later. Sub-Poissonian statistics of the retrieved light were verified 
using a Hanbury Brown and Twiss detection scheme. In an impor-
tant step towards real-world applications, a dual-rail single-photon 
qubit was stored in two ultracold atomic clouds50.

In 2004, propagation of another quantum information primitive, 
the squeezed vacuum state, was observed under EIT conditions51, 
and in 2008 this was followed by experimental demonstrations of 
the storage of squeezed vacuum states52–54. Quadrature noise of the 
retrieved pulses was measured by means of homodyne detection and 
observed to be below the shot noise level, demonstrating that some of 
the initial squeezing was preserved through the storage procedure.

EIT-based storage of quantum light suffers from background 
noise in the retrieved signal. This noise is likely to originate from the 
repopulation of the state |c  (ref. 55) associated, for example, with 
the atomic drift in and out of the interaction area. In the presence of 
the control field, the atoms are pumped from c  to the excited state 
a , after which they spontaneously decay back to the ground state 
and emit thermal photons, which contaminate the signal mode. This 
effect is negligible when a macroscopic pulse is stored and its classical 
properties (such as the energy and the pulse shape) are measured on 
retrieval. On the other hand, the detrimental effects of noise become 
significant when the quantum properties of the storage process are 
of interest. To minimize noise therefore, most experiments investi-
gating non-classical light storage compromise on storage efficiency 
and lifetime.

Background noise has been observed in a homodyne detection 
setting56 and investigated theoretically57–59, and these predictions 
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Figure 2 | Storage of light by electromagnetically induced transparency. 
a, Idealized schematic. The signal pulse enters the cell under EIT 
conditions when the control field is switched on (top). The control field is 
then switched off while the spatially compressed pulse propagates inside 
the EIT cell, allowing the quantum information carried by the pulse to 
be stored as a collective excitation of the ground states (middle). When 
the pulse needs to be retrieved, the control field is switched on again and 
the pulse exits the cell (bottom). b, Optimized classical light storage in a 
rubidium vapour cell (αL = 24) with a buffer gas, showing an input signal 
pulse of optimal shape (left), and storage and retrieval of the pulse (right). 
Because of the finite optical depth, the signal pulse does not entirely fit into 
the cell, resulting in a fraction of the pulse leaking through the cell before 
the control field is turned off. Part b reproduced with permission from 
ref. 40, © 2008 APS.
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Between internal states

Optical 
transition

Nuclear/electron  
spin transition

Optical 
transition

Long storage time 
Microwave/optical quantum interface

W. Tittel et al., Nature Photon. 2009.



Some Results in Bulk Materials

\

Material properties Quantum information
Optical coherence lifetimes
Er3+:Y2SiO5: up to 4 ms

Eu3+:Y2SiO5: up to 6 hours
Spin coherence lifetimes

State transfer

Pr3+:La2(WO4)3: spin control

Nd3+:Y2SiO5: high fidelity

T. Böttger et al., Phys. Rev. B 2009.

M. Zhong et al., Nature 2015.

M. Lovric, …, PG, Phys. Rev. Lett. 2013.

G. Wolfowicz, …, PG, Phys. Rev. Lett. 2015.

Optical memories
Nd3+:Y2SiO5: teleportation

Er3+ glass fiber: 1.5 µm storage

F. Bussières, …, PG et al.,  
Nat. Photonics 2015.

E. Saglamyurek et al.,  
Nat. Photonics 2015.

Microwave memories
Er3+:Y2SiO5: strong coupling
S. Probst et al., Phys. Rev. Lett. 2013.

Optical to spin

Electron to nuclear spin



At the nanoscale



Nanoscale Systems
New opportunities An example

Enhanced light-matter interactions
micro/nano optical cavities

Single center detection and control
small detection volume

Hybrid quantum systems
interactions at short distances

Optical nano-resonator

same FWHM as the joint distribution of the two Zeeman
branches (Supplementary Note 2). In the on resonance, strong
coupling limit, the theoretical decay is expressed as G¼k/2þ
ghþ pO2r(O) (ref. 15), which reaches the full protection limit of
G¼k/2þ gh¼ 2p# 22 GHz as indicated in Fig. 2f. In our case,
the experimental data approached this limit. The residual
broadening estimated from the pO2r(O) term was E0.1 GHz,
more than two orders of magnitude suppressed compared with
the case of no protection (where the residual broadening would
be 14.6 GHz). Although close to fully protected, the total decay
rate was not much slower than the initial ensemble decoherence
(FWHM 24 GHz (D/2p¼ 14.6 GHz) by treating the two Zeeman
branches as one joint distribution). To contrast with the case of
no protection, we also plot in green the theoretical decays of
upper and lower polaritons for a Lorentzian distribution
(Supplementary Note 1) assuming the same D as for our
ensembles. In this case, the atom- and cavity-like polariton
widths converge to the Lorentzian limit at zero detuning.

Time-domain measurement of extended Rabi oscillations. The
cavity-protected system acts as a quantum interface where
a broadband photon can be transferred to a super-radiant atomic
excitation. We measured these coherent, ultra-fast dynamics
using pulsed excitations of the polaritons. The experimental

set-up is depicted in Fig. 1d. A mode-locked Ti:sapphire laser
with a 85 MHz repetition rate (Thorlabs Octavius) was filtered to
a pulse width of 4(1.5) ps using a monochromator, which was
sufficient to simultaneously excite both upper (denoted by |oþ i,
and referred to as |1i thereafter) and lower (|o$ i, also referred to
as |0i thereafter) polaritions in 0.1% (1%) device. The filtered
laser was attenuated and sent through a Michelson interferometer
to produce two pulses with less-than-one mean photon number
separated by a variable delay t. These pulses were coupled into
the cavity (red path) and the transmitted signal was collected
(blue path) for direct detection using a silicon single-photon
counter. The integrated counts at varying delays produce optical
field autocorrelation signals revealing the temporal evolution
of the polaritons. The mirror at each Michelson arm was
interchangeable with a Gires–Tournois Interferometer (GTI)
etalon, which generates a Bp/2 phase chirp between the two
polaritons (‘Methods’ section). Furthermore, a narrow bandpass
filter was optionally inserted in either arm that allowed only one
polariton to be excited. This combination enabled a compre-
hensive polariton excitation scheme that covered individual
polariton |0i or |1i, and superposition states of two polaritons
that is, |þ i¼ 1/

ffiffiffi
2
p

(|0iþ |1i) or Tj i¼1=
ffiffiffi
2
p

0j iþ i 1j ið Þ.
Figure 3 plots the theoretical interference fringe amplitudes

along with the measured results for several two-pulse excitation
schemes for the 0.1% cavity in which maximum protection was
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Figure 1 | Schematics of the cavity protection effect. (a) Conceptual illustration of cavity protection for an ensemble coupled to a cavity mode. For a
Lorentzian ensemble (upper), the polaritons are not protected and undergo dephasing (linewidth broadening) due to inhomogeneous broadening D.
A Gaussian ensemble (lower) can be fully protected with the collective super-radiant excitation free of such dephasing, and the polariton linewidths do not
depend on D. Arrows represent the phasor of each atomic dipole. (b) Energy levels and transitions (dotted lines are forbidden) for Nd (left). Measured
absorption spectra for 0.1 and 1% Nd:YVO (right). Two Zeeman split sub-ensembles are resolved in the 0.1% sample. (c) Simulated TM resonance mode
profiles of the triangular nanobeam resonator. (d) Experimental set-up. Two pico-second pulses were transmitted through the cavity and the output signal
was integrated on a Si APD photon counter. (e) Scanning electron microscope image of the device and schematics of input and output optical coupling.
Scale bar, 1mm.
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A Versatile Approach
Bottom-up synthesis High-Q micro-cavity Hybrid systems
Nanoparticles

Thin films

Force sensors

Quantum opto- 
electronics w/ graphene 

Quantum memories
Single photon sources

    5 

Relation to objective: Strain coupling will avoid drifts between the 
nano-resonator and the RE ions. We will also take advantage of the 
high sensitivity of RE optical transitions to strain (200 Hz/Pa [17]) and 
their narrow linewidths to demonstrate strong coupling. FIB is a 
versatile technique that allows testing different nano-resonator 
geometries on a crystal in which all relevant parameters are known. As 
an alternative route, Eu3+:Y2O3 thin films can provide a higher 
homogeneity in strain coupling which will favour strong coupling.  
 
Objective 5: Theory of hybrid systems and single ion conditional 
dynamics (WP2 and 3).   
Methods: A modelling platform for hybrid systems will be built based on novel adiabatic elimination techniques to 
reduce the system to manageable size for numerical treatment. Then, theoretical schemes for coherent exchange of 
excitation and entanglement between different systems will be proposed, as well as methods to mitigate coherence 
losses. Another central aspect will be the description of ion and cavity dynamics by Bayesian parameter estimation 
techniques, which can reveal information hidden in standard master equation approaches. 
Relation to objective: Our theoretical approaches aim at a strong connection to the experimental effort of WP2 
and 3. In particular, we will supplement numerical studies with a systematical search for approximations in the 
hybrid modelling platform to provide useful estimates for experiments. The theory of conditional quantum state 
dynamics will be oriented towards improved system diagnostics, and e.g. algorithms for optimal and efficient 
quantum state readout. The proposed schemes will be iteratively refined and tested against experimental results. 
 
1.5  Interdisciplinary nature 
NanOQTech is highly interdisciplinary and involves among the project's partners (Fig. 1): 

• Inorganic chemistry, solid-state and atomic physics (materials, dephasing control) 
• Nano-fabrication (mechanical resonators and graphene devices)  
• Quantum optics (strong light-atom interactions, cavities)   
• Quantum information processing (quantum memories, gates, quantum light sources)    
• Nano-opto-mechanics and metrology (nano-resonators hybrid systems, sensing) 
• Nano-electronics and photonics (RE/graphene hybrid systems) 
• Advanced control and measurement electronics (modular and scalable signal processing) 
• Quantum information and quantum measurement theory (gates, sensing and conditional dynamics). 

 
The inter-disciplinarity of the proposal is crucial to reach the ambitious goals of the project. Hybrid systems 
will require our broad range of expertise to be successful, and demonstration of quantum gates in interacting single 
ions requires materials with long coherence time, coupling to a micro-cavity and implementation of schemes where 
ions are addressed individually and interact on demand through tailored interactions. A second advantage of the 
range of disciplines represented in NanOQTech is the possibility to explore collectively a larger number of ideas. 
As the project is highly prospective, this increases chances to find promising systems or applications, while 
reducing the risks. Finally, we expect that our different objectives will strongly benefit each other by translating 
ideas, methods and experimental techniques from system to system. 
 
Section 2: Impact  
2.1 Expected impacts 
 
Expected impact in work programme Impact in NanOQTech 
Initiating a radically new line of technology by 
establishing Proof-of-Principle of a new 
technological possibility and its new scientific 
underpinning 

We will establish RE nanostructures as a new platform 
allowing interfacing with light and other quantum systems to 
provide crucial functionalities in optical quantum 
technologies.  

Active involvement of new and high-potential 
research and innovation players 

Described below. 

Take up of new research and innovation practices 
and, more generally, from making leading-edge 
science and technology research more open, 
collaborative, creative and closer to society 

Dissemination and communication measures will target a 
broad audience (scientists, industrials, stakeholders, general 
public) and will fully implement open access to our results. 
This will also favor interacting with other projects in a broad 
way, given the strong interdisciplinarity of NanOQTech. 

Hybrid$RE/nano)resonator$system$using$strain$
coupling.$

RE-graphene: K. J. Tielrooij, …, PG et al., Nat. Phys. 2015.
EU project NanOQTech: www.nanoqtech.eu

http://www.nanoqtech.eu


Nanoparticles
0.5% Eu3+:Y2O3

Particle size: 400 nm

Crystallite size: 130 nm

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

Homogeneous precipitation
Monodispersed, spherical

High temperature annealing
Cubic phase 

Defects reduced at 1200 ºC

Long T2 in bulk crystal 
and transparent ceramics



The Photon Echo

Time

Excitation Rephasing Echo

td td

Echo: only ions with unperturbed quantum states

Coherence lifetime: Iecho = exp(-4td/T2)

Create quantum 
 states

Reverse time 
evolution

Emission

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

Homogeneous linewith: Γh = (πT2)-1



Measuring Coherence Times
Setup for photon echo experiments

Cw dye laser

Helium cryostat

Sample

Light modulator for pulses

Detector

Samples: transparent materials
or… powders?

? 
≣



Photon Echo in Powders

powder @ 4K

500 µm thick

Light scattered by the powder

Interferometric detection
Frequency 
shifted probe  
(35 MHz)

Time

Excitation Rephasing Echo

td td

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

7F0 - 5D0 
transition



Optical T2 in nanocrystals



Echo Decay in Nanocrystals
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T2 = 7 µs @ 1.3 K 
Γh = 45 kHz

J. G. Bartholomew, K. de Oliveira Lima, A. Ferrier, and PG, 
Nano. Lett. 2017.
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Control by light

Eu:Y2O3 Homogeneous Linewidths
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Eu2O3 
5-23 nm

Eu:Y2O3 
2000 nm 
trans. ceramicEu:Y2O3 

130 nm (400 nm)

Eu:Y2O3 
single crystal

J. G. Bartholomew, …, PG, Nano. Lett. 2017.

R. S. Meltzer et al., Phys. Rev. B 2000, 2001. 
A. Perrot, PG, et al. Phys. Rev. Lett. 2013. C. Thiel, private communication.

N. Kunkel, …, PG, Phys. Rev. B 2017.

Eu:Y2O3 
60 nm (5 µm)



Size Limited Linewidth?
Γh = Γ0 + αDT + αRT7

Disorder Raman process

also in ceramics and 
bulk crystals

no contribution from  
size related phonon modesTemperature (K)H
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J. G. Bartholomew, K. de Oliveira Lima, A. Ferrier, and PG, 
Nano. Lett. 2017.

Phonon in nanoparticles: R. S. Meltzer et al., Phys. Rev. B 
2000, 2001.



Magnetic Centers

no contribution from 
magnetic impurities or defects

Optical transition

Eu3+

Magnetic centers
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B = 0, ↑/↓ = 50%

B = 2.5 T, ↑/↓ = 8%

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

surface electric charges?

Q. dots: N. Ha, et al., Phys. Rev. B, 92, 075306, (2015). 
NV: M. Kim, at al., Phys. Rev. Lett., 115, 087602,(2015).



Spin T2 in ceramics



Spin Quantum States
151Eu3+: nuclear spin I = 5/2

580 nm

±5/2

±3/2

±1/2

±5/2

±3/2
±1/2

29 MHz

34 MHz

J. Karlsson, N. Kunkel, A. Ikesue, A. Ferrier, and PG, 
J. Phys.: Condens. Matter 2017.

Time

Excitation Rephasing Echo

td td

Optical 2-color pulses Optical probe

7F0

5D0



Spin Coherence Lifetimes
Eu3+:Y2O3 transparent ceramics
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Delay td (ms)
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@ 4 K

Spin T2 comparable to single crystals
Eu3+:Y2SiO5 single crystal: T2 = 19 ms

J. Karlsson, N. Kunkel, A. Ikesue, A. Ferrier, and PG, 
J. Phys.: Condens. Matter 2017.



Magnetic vs. Electric Perturbations

Sensitivity Linewidth in 
ceramics (Hz)

Contribution  
(Hz)

Magnetic field Electric field Magnetic 
perturbation

Electric 
perturbation

Optical 
transition 1-100 kHz/mT 50 kHz/(V/cm) 3200 ≈ 3-300 3200-2900

Spin transition 10 kHz/mT ≈1 Hz/(V/cm) 26 26 ≈ 0

Electric Magnetic
R. M. Macfarlane, …, PG, Phys. Rev. Lett. 2014



What is next?



Outlook: Micro-cavities

Smaller particles (< 100 nm)


Longer optical coherence lifetime


Spin properties


Single particle spectroscopy

D. Hunger



Summary
Rare earth doped nanostructures for optical  quantum technologies

unique capability of interfacing light, atoms and spins

long optical coherence lifetimes for applications in:  
quantum memories, single photon sources, hybrid systems

outside quantum technologies: 
probing materials with high resolution spectroscopy:  

defects, disorder, impurities, surface  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