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Rare Earth Doped Crystals

Y2SiO5:Eu3+ emission  under UV excitation

Stable centres, no bleaching

Lanthanides, scandium, yttrium Single crystals, films, particles

Lasers, phosphors, bio-probes…



Energy Levels and Transitions

Optical transitions in the visible and 
infrared range


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

Electron and/or nuclear spins

10-1

Spin levels/qubit

104

Energy (cm-1)

0

10 µs - 1 ms

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

Optical quantum memories 
in bulk crystals and fibres

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

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

Crystal growth bulk, particles, thin films 
High resolution and  
coherent spectroscopy
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Recent Results with RE Spins
T2 extension Storage

G. Wolfowicz et al., PRL 2015. 
M. Lovrić et al., PRL 2013.

Gaussian diffusion process [39]. Using this model and
taking Nd3þ ions themselves as the spin bath, T2e can be
estimated from T1e, the effective g ¼ 1.5 and Nd3þ con-
centration (9.4×1016 ions=cm3), which gives T2e¼471 μs.
This is is about 4 times longer than the measured value and
can be explained by the anisotropy of the g tensor, which
increases the dipole-dipole interaction [40]. Angular varia-
tion in the D1 −D2 plane showed that T2e is maximal in a
region of about 5° aroundD1 axis and decreases by a factor
of 2 at lower resonance fields.
Transfer between electron and nuclear spin coherences

was performed using the sequence shown in Fig. 3(a) [11],
which is fully compatible with the schemes designed
for single photon operation [1,2]. In our experiments,
the memory input is a π=2 microwave pulse [consisting
of Oð1017Þ photons]. It creates an electron spin coherence
on the j1i∶j2i transition, which is then refocused by a π
pulse to remove the effect of inhomogeneous broadening.
Before refocusing is complete, an rf π pulse on the j2i∶j3i
transition transfers the coherence to j1i∶j3i. At the time
when this transition refocuses, a mw π pulse transfers the
electron spin coherence to the j2i∶j3i NMR transition. To
retrieve the coherent microwave signal from the nuclear
spin ensemble, an rf π pulse refocuses the j2i∶j3i coher-
ence, and then the sequence described above is applied in
reverse order. A final mw π produces an electron spin echo,
which is the output of the memory. This scheme allows
extending storage times beyond T2e, limited instead by the
nuclear spin coherence time T2n.

T2n was measured by monitoring the output echo
amplitude as a function of 2τn in the storage sequence
[Fig. 3(a)]. Echo decays were nearly exponential with
maximal stretch factors of 1.25 and ranged from 184 μs at
7 K to 6 ms at 5 K (Fig. 2). T2n is bounded by 2T1e when
there is significant hyperfine coupling [11], and this limit
is indeed observed for temperatures above 6 K. Below this
temperature, some intrinsic nuclear spin decoherence
mechanism is evident. We assume this intrinsic T2n
follows the measured electron spin decoherence time T2e,
adjusted by some factor κ to reflect the ratio of the effective g
factors for those ESR and NMR transitions: i.e., 1=T2n ¼
1=ð2T1eÞ þ 1=ðκT2eÞ. T2n was found to depend signifi-
cantly on the nuclear transition probed aswell as on the static
magnetic field orientation and ranged from 1.5 to 9.2 ms at
5 K, which can be understood by variations in κ.
We next examine the fidelity of the storage and retrieval

process between the electron spin degree of freedom and
the 145Nd nuclear spin, using quantum state tomography
and quantum process tomography at 6.5 K to avoid low
repetition rates due to the long T1e. The overall fidelity for
quantum memory of microwave and/or optical photons will
additionally depend on the fidelity of the collective
excitation of the ensemble—this is not studied here, but

FIG. 3 (color online). (a) Sequence used for storing mw
photons into nuclear spin coherences. (b) Input þσX , þσY ,
and þσZ (upper row) and corresponding output (lower row)
density matrices are obtained by state tomography. Real and
imaginary parts are shown in green and yellow, respectively.
(c) Quantum process tomography matrix χ in the ð1; σX ; σY; σZÞ
basis. A perfect storage process would give only a ½1; 1&
component. Left: Matrix reconstructed from experimental density
matrices. Right: Simulated matrix considering pulse fidelity and
spin relaxations.

FIG. 2 (color online). Electron and nuclear spin relaxation
times as a function of temperature: T1e (squares), T2e (triangles),
and T2n (circles). In the inset, corresponding decay curves for T2n
from 5 to 7 K. T1e is modeled with an Orbach process 1=T1e ¼
A expð−ΔE=kBTÞ with A ¼ 6 × 1010 s−1 and ΔE ¼ 77 cm−1

(kB is the Boltzmann constant). T2n is limited by 2T1e giving
the relation 1=T2n ¼ 1=ð2T1eÞ þ 1=T int

2n, where T int
2n is the decay

time for the nucleus due to the spin environment only. As this
decay has the same origin as for the electron, we can simply relate
T int
2n ¼ κT2e.
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FIG. 1. The SEMM sequence. (a) Microwave or optical fields.
The memory input is at t1, π pulses are at t3 and t6, and the output
is at t7. (b) Electric field. The Stark pulse at t2 produces a phase shift
that cancels the collective emission at t4. The memory output is then
recovered by the Stark pulse at t5. (c) Bloch sphere representations
of the wave-packet evolution at the points labeled in (a) and (b). For
clarity, the input pulse has a π/2 area.

is absorbed by the ensemble, and the wave packets start to
dephase relative to each other because of the inhomogeneous
broadening. At time t2, an electric field E is applied during a
time Ts to induce a phase shift 2π"Ts = 2πEkTs = π/2 to
half of the centers and therefore −π/2 to the other half because
of the ensemble’s inversion symmetry. k is the linear Stark
coefficient of one of the subgroups related by the inversion
symmetry. The wave packets divide into two groups with
opposite phase shifts, as shown on Bloch sphere 2 in Fig. 1. At
time t3, a π pulse is applied to the transition, and for t > t3, the
ensemble polarization or magnetization P (t), summed over all
centers, is then proportional to

P (t) ∝
∫ +∞

−∞
eiωδt cos(2π"Ts)dω, (1)

where ω is the frequency of the transition (centered at ω = 0),
δt = 2t3 − t1 − t , and Ts is the Stark pulse length. As in a
two-pulse echo experiment, the inhomogeneous broadening is
rephased at t4 = 2t3 − t1, but P (t4) vanishes for 2π"Ts = π/2
or E = 1/(4kTs). There is therefore no collective emission
(echo) at t4. To recover the input photon from the memory, a
second electric field pulse is applied at t5, along with a second

π pulse at t6. The polarization at t > t6 is proportional to

P (t) ∝
[∫ +∞

−∞
ei(2π"Ts−ωδt ′−2π"Ts)dω

+
∫ +∞

−∞
ei(−2π"Ts−ωδt ′+2π"Ts )dω

]
, (2)

where δt ′ = 2t6 − t4 − t . At t7 = 2t6 − t4, the inhomogeneous
broadening is again rephased, whereas the Stark phase shifts
cancel, which gives P (t7) = P (t1). This collective emission
or echo is the output of the memory and is identical to the
initial input (Fig. 1). Thanks to the two π pulses, this emission
occurs in a noninverted medium, which avoids spontaneous
emission at the time and in the mode of the memory output.
This is required for the memory to operate in the quantum
regime [16]. We assume that high-fidelity π pulses are used at
t3 and t6, so that the final excited state population is very small.
This could be achieved by adiabatic techniques, as discussed
in other memory schemes that use π pulses [12,13,20,22,25].
Another fundamental source of noise is due to spontaneous
emission at t4, which leads to a collective emission at t7 because
of the π pulse at t6, with no relation to the memory input [12].
This unwanted echo is, however, canceled by the ±π/2 phase
shift produced by the Stark pulse at t5 in the same way as the
echo at t4 is suppressed by the Stark pulse at t2 [see Eq. (1)].

Until now, we assumed that the magnitude of the frequency
shift induced by the electric field is the same for all centers.
However, variations in each center environment will cause a
distribution of the Stark coefficients. Moreover, the electric
field will also be, to some degree, spatially inhomogeneous
over the sample. This could limit the SEMM to a (small)
subensemble of centers. We examine this question below by
considering a distribution of Stark coefficients. Electric field
inhomogeneities can be treated in the same way. Assuming
no correlation between the transition broadening and the Stark
distribution, the polarization after a square electric field pulse
of duration Ts and amplitude E is

P = P0

∫ +∞

−∞
cos(2πkETs)g(k)dk, (3)

where g is the normalized distribution of the Stark coefficients
[
∫

g(k) dk = 1] for one of the subgroups related by the
inversion symmetry. We have therefore P = Re(g̃), where g̃
is the Fourier transform of g. P = 0 will occur for Stark pulse
amplitude and duration satisfying

Re[g̃(ETs)] = 0. (4)

In the case of a symmetric distribution centered on k0,g(k) =
g1(k − k0), where g1(x) = g1(−x), P is given by

Re[g̃(ETs)] = cos(2πETsk0)g̃1(ETs) (5)

and cancels for k0ETs = 1/4, i.e., a central phase shift of π/2,
independent of the width of the Stark distribution g(k). As
shown in Appendix A, condition (4) can be satisfied for any
Stark coefficient distribution, unless a large fraction of centers
have a zero Stark shift. After cancellation of the intermediate
echo at t4, the second Stark pulse at t5 is identical to the first one
at t2 but induces an opposite phase shift in each wave packet.
This results in a complete recovery of the initial input for any
distribution g(k). This would not be the case if an additional
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FIG. 1. (color on-line) Energy levels and coherence enhancement under zero magnetic field. a Energy level diagram
for the optical transitions of 171Yb3+:Y2SiO5 under study and frequencies of the hyperfine transitions for the ground and excited
states. Optical transitions identified with ⌫0 and ⌫1 are utilized to study the spin and optical coherences. b Absorption spectrum
at zero magnetic field. Data is shown in black, while the pink line results from the model in24. The black arrow indicates the
optical transition at ⌫0 used in this work. c Experimental photon echo sequence and coherence lifetime T (o)

2 measurements as
a function of the external magnetic field. d Experimental pulse sequence used to study spin coherence on 655 MHz hyperfine
transition. The preparation step produces a population di↵erence between states

�� +
↵
g
and

�� �↵
g
before applying series of

microwave (MW) pulses to create the spin echo sequence. The echo signal is measured using Raman heterodyne scattering by
detecting the beating between the coherently scattered emission at ⌫1 and the local oscillator (LO). The results for the spin

coherence lifetime T (s)
2 as a function of the external magnetic field are shown on the right. Dashed lines represent theoretical

curves based on the decoherence model (see main text for details).

anisotropic for both the ground and excited states26. In
general, for a highly anisotropic A tensor (with eigen-
values Ax 6= Ay 6= Az)), the hyperfine coupling com-
pletely removes the degeneracy at zero magnetic field. It
gives rise to the four eigenstates | ±

i = 1p
2
(|"+i± |#*i)

and |�±i = 1p
2
(|"*i ± |#+i), where we decompose elec-

tronic |"i ⌘
��Sz = 1

2

↵
, |#i ⌘

��Sz = �
1

2

↵
and nuclear

|*i ⌘
��Iz = 1

2

↵
, |+i ⌘

��Iz = �
1

2

↵
spin components. Their

energies are expressed as E ± = 1

4
[Az ± (Ax �Ay)] and

E�± = 1

4
[�Az ± (Ax +Ay)].

By tracing out the electronic (nuclear) spin one can
easily see that the resulting density matrix corresponds
to the complete mixture of two orthogonal components
⇢e = 1

2
|"ih"| + 1

2
|#ih#| = /2 (⇢n = 1

2
|*ih*| + 1

2
|+ih+| =

/2), which is true for any eigenstate. This inher-
ently gives a zero total spin vector for the electronic
hSi = 0 (nuclear hIi = 0) spin polarization. Hence any
first-order perturbation of the energy levels by the Zee-
man terms of Eq. (1) is strictly zero for both the elec-
tronic and nuclear Zeeman components. More explic-
itly, for any state |⇠i = | ±

i , |�±i the following is true:
h⇠|Bp ·g ·S |⇠i = h⇠|Bp ·gn · I |⇠i = 0 for any perturbing
magnetic field Bp. These results apply to any electronic

state, hence the zero-field ZEFOZ condition occurs for
any spin transition in the ground and excited states, and
for any optical transition connecting the two electronic
states. A similar e↵ect has been observed in the hyper-
fine ground state in NV centres in diamond28,29, but only
for a reduced number of states due to the higher symme-
try of the A tensor and particularly not for any optical
transitions.
To probe the zero-field spin and optical coherences in

171Yb3+:Y2SiO5 we use the transitions | +
i
g
$ | �

i
g

and | +
i
g
$ |��i

e
, the latter being clearly resolved in

the absorption spectrum in FIG. 1b. By means of op-
tical pumping on the optical transition, the population
di↵erence between two spin states is created. A Hahn
sequence on the spin transition follows, inducing an echo
pulse in the microwave range, which is optically detected
using Raman heterodyne scattering19 (see Methods for

details). The coherence lifetime T (s)

2
is thus measured

as a function of the external magnetic field applied in

various directions. The optical coherence lifetime T (o)

2
is

instead measured through a standard photon echo tech-
nique using the same optical absorption line (FIG. 1b).

Figure 1d shows measurement results for the T (s)

2
life-

time as the magnetic field is varied close to the expected

Optical and microwave 
excitations to spin
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Rare Earth Ions as Qubits
Scalability: optical addressing Gates: all-optical

Ensemble linewidth Γinh ≈ 2 GHz 
Single ion linewidth Γh ≈ 1kHz

104 qubits!!

|1>

|0>

Single qubit

|exc>
Two qubit

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

N. Ohlsson et al., Opt. Commun., 2002.
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Rare Earth Ions as Qubits

T. Utikal et al. Nat. Commun., 2014; R. Kolesov et al., Nat. 
Commun. 2012; C. Yin et al., Nature, 2013.

Initialization: optical pumping Readout: single ion detection

|1>

|0>

|exc>

SPECTROSCOPIC INVESTIGATIONS OF Eu3+:Y . . . PHYSICAL REVIEW B 85 , 115111 (2012)
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FIG. 3. (Color online) Spectral hole burning spectra of
153Eu3+Y2SiO5. (a) Light at a single frequency was shone into
the sample. One can clearly see the central spectral hole at
the laser frequency (here at 0 MHz), as well as side holes
at the hyperfine level spacings of the excited state [at approx-
imately ±194 MHz, ±260 MHz, and ±(194 MHz + 260 MHz) =
±454 MHz]. The peaks (antiholes) are due to an enhanced population
in ground-state levels not addressed by the laser. The different sizes
of the side and antiholes are due to differences in the strengths of the
respective hyperfine transitions. (b) Light at two frequencies (0 and
−90 MHz) with a frequency difference corresponding to the level
spacing between |±1/2⟩g and |±3/2⟩g (90 MHz) is shone into the
sample. For three classes of ions all the population is transferred to
|±5/2⟩g . This leads to strong asymmetry in the hole burning spectrum
which indicates the ordering of the hyperfine levels in the ground state.
The stars show the antiholes at −335, −75, and 119 MHz where a
particularly strong enhancement is observed, allowing us to determine
the ground-state order (see text). Note that the frequency scan of the
laser used to read out the absorption was not perfectly linear such that
the positions of some of the (anti)holes may occur slightly shifted.

We performed the same measurement for the other hy-
perfine level spacing of !ω = 119 MHz. A comparison with
simulations indicated the same ordering.

The second method uses hole burning spectra recorded with
a single burning frequency which are compared to a theoretical
model with appropriate transition probabilities as shown
in Fig. 4. Indeed, under suitable experimental conditions,
a surprising amount of information about the individual
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FIG. 4. (Color online) Experimental hole burning spectrum
(lower curve) recorded using a single burn frequency compared with
a simulation (upper curve) using the transition probabilities listed in
Table I (see text for details). The measured and simulated holes on the
far right do not align because the measured hole position was shifted
by an uncorrected nonlinearity of the frequency scan. The spectra are
normalized to the absorption line shapes.

optical-hyperfine transitions can be gathered from analysis
of observed asymmetry in antihole intensities in hole burning
spectra for inhomogeneously broadened lines. That analysis,
including intensity asymmetry on opposite sides of the central
hole, provides an alternate route for determining the order of
the hyperfine levels in both the ground and the excited states
and also the relative transition probabilities.

The intensity observed for a specific antihole hijkl (or
specific contribution, for the three cases where three transitions
participate in single antiholes), between ground-state level k
and excited-state level l, is related linearly to a product of the
excess population nijk in k due to the burning transition from
level i to level j and the transition probability for reading
γkl , i.e., hijkl ∝ nijkγkl . If one assumes equal 1/3 branching
during decay from the excited state j to all ground-state
hyperfine levels, as a consequence of the many pathways of the
cascading decay through 48 7FJ levels, the excess population is
given by nijk ∝ 1/3Ni(1 − exp(−γij t)), where Ni is the initial
population in i before burning and t is the burn time. We can
further assume that all ground-state levels are initially equally
populated Ni = 1/3. The antihole intensity then simplifies to
hijkl ∝ (1 − exp(−γij t))γkl .

The asymmetry in the amplitude of the antiholes requires
that a deep central hole be burned (γij t≫ 1). Antiholes
that correspond to a strong transition during burning and
a weak transition during reading have smaller amplitudes
compared to the opposite case. Deep central holes are needed
to obtain this asymmetry, ideally in which case γij t≫ 1
such that hijkl ∝ γkl . If the burning is shallow (γij t≪ 1),
expanding the exponential factor simplifies the expression,
giving hijkl ∝ γijγkl . In that shallow-burning limit, the hole
pattern becomes symmetric since hijkl = hklij .

The considerations described above were incorporated in
a computer program. A simple least-squares-fitting procedure
was used to deduce the relative transition probabilities. Six

115111-5

Eu:YSO 
λ = 580 nm

Long T1: low count rate

B. Lauritzen et al., Phys. Rev. B, 2012.

separations of 2.9 and 5.4 MHz (Fig. 1c), which become resonant
with the three laser frequencies f1, f2 and f3 at different detunings.
The blue spectrum in Fig. 4a plots the fluorescence signal that is

expected from coupling the three ground-state hyperfine levels to
the three excited-state hyperfine levels if one assumes a linewidth
of 82 kHz. The three peaks occur whenever the laser detuning

100

a c

b d

50

0
–2 –1 0 1 2

Excitation laser detuning (GHz)

F
lu

or
es

ce
nc

e 
(c

ou
nt

s 
s–1

)

100
1

2

3

Ion 1
Ion 2

Ion 3

50

0

Excitation laser detuning (MHz)
–100 0 100

F
lu

or
es

ce
nc

e 
(c

ou
nt

s 
s–1

)

5.0

4.5

4.0

3.5

150

100

50

0
0 50 100 150

20.5 21.0 21.5 0

25

50

75

100

125

F
lu

or
es

ce
nc

e 
(c

ou
nt

s 
s–1

)

Y
 (

µm
)

X (µm)

Y
 (

nm
)

X (nm)

Figure 3 | Spectral detection and spatial localization of single ions. (a) Fluorescence excitation spectrum recorded at the speed of 1 MHz s! 1 over
several GHz. Narrow resonances are attributed to single ions. (b ) An excitation fluorescence spectrum recorded over B300 MHz, consisting of three ions.
(c) Laser scanning fluorescence image of a single ion recorded on resonance. (d) Super-resolution colocalization image of the three ions detected
in (b ). The error bars depict the standard error of the mean ion position, calculated from eight measurements per ion.
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Figure 2 | Experimental setup and reflection scan image. (a) Schematic of the experimental setup. A frequency-stabilized Ti:sapphire laser is frequency-
doubled and used for excitation. An acousto-optical modulator (AOM1) scans the frequency of the fundamental light. A second modulator (AOM2)
produces the three frequencies f1, f2 and f3 described in the main text. Pr:YSO microcrystals are placed on the flat side of a hemispherical SIL inside a
liquid helium flow cryostat. The 488-nm excitation light is focused onto the microcrystals by a high-NA objective mounted on a 3D piezo stage.
Fluorescence and the reflected light are detected through the same objective. (b ) Position of the spectral hole centre after a single burn pulse and repeated
scans. The measurement confirms the long-term frequency stability. (c) Reflection scan image of the sample, visualizing the individual micro- and
nanocrystals. (d) Cross section of the nanocrystal used in our measurements taken from the scan image in (c).
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Improving Detection: Cavities

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 G¼ k /2þ
ghþpO2r(O) (ref. 15), which reaches the full protection limit of
G¼ k /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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High Q nano-cavity

Purcell enhancement
High collection efficiency

Fiber micro-cavity: D. Hunger, KIT 

High-Q tunable cavity
Rare earth nanoparticles

B. Casabone,…,PG, H. de Riedmatten, and D. Hunger,  
arXiv, 2018.
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FIG. 3. a) Eu3+spectrum (black) overlapped with the cavity spectrum (red) with resonances at 580 nm and around 611 nm
for longitudinal cavity mode orders q = 17, . . . , 21. b) Calculation (red line) and measurement (black) of the expected count
rate as a function of mode order q. c) Measurement of the inhomogeneous line of the 5D0� 7F0 transition. The solid line is a fit
to extract the FWHM of the transition, which yields a linewidth of 22 GHz. e) Count rate as function of the excitation power.
The solid line is a fit to the data. e) Calibration of the power broadening by laser frequency modulation. The count rate as a
function of modulation amplitude (black datapoints) shows a linear dependence (red line: fit). From the extrapolation to zero
count rate, we can estimate the power broadening, yielding 140 MHz in this case.

tion of mode order q for 580 nm cavity excitation. To per-
form the measurement, the length of the cavity was tuned
to a particular mode order q, and the cavity length was
modulated with an amplitude corresponding to twice the
cavity linewidth  = c

2(q�/2)
1
F ⇡ 1.3 GHz of the 580 nm

resonance at a rate of 20 Hz. With time-resolved single
photon counting to suppress background, we infer the av-
erage count rate on resonance. We perform spectroscopy
by using the above measurement scheme and tuning the
excitation laser wavelength across the wavelength range
of the inhomogeneous line of the 5D0 � 7F0 transition.
Fig. 3c shows the obtained spectrum. We fit with a
Gaussian profile and find a FWHM linewidth of 22 GHz,
which agrees very well with the linewidth in bulk sam-
ples at this doping concentration, and thereby confirms
the high crystal quality [29]. We note that this is repre-
sents the first low-temperature spectroscopy of a single
Eu3+:Y2O3 -doped nanocrystal of such a small size.

To understand the origin of the observed spectrum, we
estimate the spectral density of the measure signal con-
sidering the average number of ions in the crystal within
a frequency interval of one homogeneous linewidth, as-
suming a homogeneous distribution and neglecting the
hyperfine structure. With N ⇡ 4⇥ 104 ions in the crys-
tal with an expected homogeneous linewidth of about
�h = 200 kHz at 10 K [19] spread over an inhomoge-
neous linewidth of �inh = 22 GHz, this estimate leads to

n = N⇥�h/�inh = 0.4, i.e. the ion transitions are spaced
by about three linewidths, and low power spectroscopy
would in most cases address no or at most a single ion.
To obtain the observed signal, we use a very high exci-

tation intensity (several GW/cm2), which leads to strong
power broadening, and thus o↵ resonant excitation of
small ion ensembles. To calibrate the amount of power
broadening, we modulate the frequency of the excitation
laser and measure the count rate as a function of the mod-
ulation amplitude (Fig.3e). We observe a linear signal
increase up to an amplitude that approximately corre-
sponds to the cavity linewidth. From an extrapolation of
the linear dependence to zero count rate, we can estimate
the power broadening. For the measurement shown, this
amounts to 140 MHz, taken at an intracavity power of
⇠ 53 mW and an intensity of ⇠ 3.5 GW/cm2.
We furthermore measure the count rate on resonance

(without frequency modulation) as a function of the ex-
citation power. The scattering rate of a two-level system
is given by Rsc = �

2
S0

1+S0+(2�/�)2 , and the power broad-

ened linewidth scales with
p
S0 = ⌦

p
2/�, where S0 is the

saturation parameter, ⌦ the Rabi frequency, and � the
excited state lifetime. Fig.3d shows a measurement of the
count rate as function of the excitation power. The ob-
served power dependence follows the expected

p
S0 power

dependence over a large range (red line).
We now calculate the count rate per ion for the weak-
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Nanoparticles
0.5% Eu3+:Y2O3

Particle size: 400 nm

Crystallite size: 130 nm
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The Echo Technique
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Experimental Setup
Echo: FFT of heterodyne signal

Sample: powder!
R. Pierrat et al., arXiv, 2018.
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Optical Pumping
Spin polarization: increased signal
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Spin Coherence Lifetimes

Spin T2 in the ms range

 

 

Figure 2: 151Eu3+ spin inhomogeneous and homogeneous linewidths a. Inhomogeneous linewidth of the 

±1/2↔±3/2 spin transition obtained by monitoring the spin-echo amplitude as a function of the frequency detuning 

ω2-ω1 for a fixed time delay 2t of 400 µs (circles). Solid line: Lorentzian fit corresponding to a full width at half 

maximum of 107 ± 8 kHz. b. Spin echo decay at zero magnetic field. A single exponential fit yields a coherence 

lifetime T2 of 1.3 ± 0.2 ms, corresponding to a Gh = 250 Hz homogeneous linewidth. c. Homogeneous linewidth 

evolution under an applied external magnetic field. A drastic decrease in Gh is observed for weak fields, 

corresponding to a coherence lifetime increasing from 1.3 ms to 2.9 ms (Fig. S5). Solid line: modelling by 

interactions with defects carrying electron spins at a concentration of 6.4 1017 cm-3. 

 

Eu3+:Y2O3 transparent ceramics:  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Eu3+:Y2SiO5 single crystal: T2 = 19 ms
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Magnetic Field Effects
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Dynamical Decoupling

 
 

 

Figure 3: All-optical dynamical decoupling a. CPMG sequence with optical 2-color excitation and 

rephrasing π  pulses, and heterodyne detection. The initial excitation pulse has a Y phase and the 

π pulses an X phase22. This is obtained by varying the relative phase between the two frequency 

components of the optical pulses.  b. Echo decays (circles) for different initial phases. Lines: exponential 

fits. A much lower T2DD is observed for an X initial phase (~1.0 ms) than for an Y one (~3.0 ms). This is 

due to the accumulation of pulse errors and confirms that our DD sequence behaves as a CPMG one. 

c. Spin echo decays (circles) obtained for tDD = 150, 200 and 300 µs and n ≤ 60. Solid lines: exponential 

fits. d. Experimental (circles) and modelled (line) T2DD evolution as a function of tDD. (see SI). The data 

point represented by the black circle was discarded for the fit e. Spin echo decays (circles) with and 

without a weak magnetic field. Solid line: exponential fits.  
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Figure 3: All-optical dynamical decoupling a. CPMG sequence with optical 2-color excitation and 
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π pulses an X phase22. This is obtained by varying the relative phase between the two frequency 

components of the optical pulses.  b. Echo decays (circles) for different initial phases. Lines: exponential 

fits. A much lower T2DD is observed for an X initial phase (~1.0 ms) than for an Y one (~3.0 ms). This is 

due to the accumulation of pulse errors and confirms that our DD sequence behaves as a CPMG one. 

c. Spin echo decays (circles) obtained for tDD = 150, 200 and 300 µs and n ≤ 60. Solid lines: exponential 

fits. d. Experimental (circles) and modelled (line) T2DD evolution as a function of tDD. (see SI). The data 

point represented by the black circle was discarded for the fit e. Spin echo decays (circles) with and 

without a weak magnetic field. Solid line: exponential fits.  
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Figure 4: Echo phase correlation a,c Real and imaginary parts of the spin echo signal FFT (squares and circles) 

as a function of the excitation pulse phase for a two-pulse echo and a DD sequence (t = 300 µs, tDD = 150 µs, n = 

10). Solid lines: fit with a sine function. b,d. Echo pulse phase derived from FFT signals (a,c) as a function of the 
excitation pulse phase. Lines: linear fit, R correlation coefficient.  

 

 

 In conclusion, we have measured nuclear spin coherence lifetimes in the ms range in Eu3+ 

doped Y2O3 nanoparticles using a fully-optical protocol. These values are remarkably close to bulk 

values and could be increased in samples with lower content of magnetic defects. Moreover, in single 

particles, T2 could be increased by several orders of magnitude, by reducing pulses area errors in DD 

and using clock transitions that appear in europium and other rare earth ions under suitable magnetic 

fields31. These results open the way to nanoscale quantum light-matter-spin interfaces, useful for 

quantum memories with processing capabilities, hybrid opto-mechanical systems or coupling to optical 

micro-cavities. Nanoparticles doped with essentially any rare earth ion can also be synthesized in 

different size, shape and layered structures, as shown by their huge development as luminescent 

probes32. Although quantum grade materials are very demanding, our results suggest that rare earth ion 

doped nanoparticles could be an extremely versatile platform for nanoscale quantum technologies.  
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fits. d. Experimental (circles) and modelled (line) T2DD evolution as a function of tDD. (see SI). The data 

point represented by the black circle was discarded for the fit e. Spin echo decays (circles) with and 
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Suitable for high fidelity spin gates
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Summary

Rare earth doped nanoparticles: optically controlled qubits

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 improvement by lowering magnetic defects concentration and 
in single particles
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