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Deliverable Description  

In	 the	present	deliverable,	we	describe	 the	progress	 towards	narrow	optical	 and	 spin	

homogenous	 linewidths	 in	 Eu3+	 doped	 Y2O3	 nanoparticles	 with	 size	 of	 100	 nm,	 in	
connection	 with	 MS5.	 Optical	 homogeneous	 linewidths	 down	 to	 25	 kHz	 and	 spin	

coherence	lifetimes	greater	than	1	ms	have	been	measured	in	500	nm	particles,	while	30	

kHz	 and	 2.6	 ms	 were	 obtained	 on	 150	 nm	 particles.	 We	 present	 the	 two	 different	
strategies	 we	 used	 to	 obtain	 the	 smaller	 nanoparticles,	 while	 preserving	 coherence	

properties.	 Routes	 to	 further	 reduce	 dephasing	 mechanisms	 and	 particle	 sizes	 are	

discussed.	These	researches	have	been	reported	in	three	manuscripts,	two	of	which	are	
already	 published	 and	 covered	 in	 the	 CNRS	 news	 [1-2],	 and	 one	 to	 be	 submitted	

(Appendix).	
		

Context  

The	benefits	in	terms	of	single	ion	detection,	qubit	readout	and	2-qubit	gates	which	are	

expected	to	be	achieved	from	the	coupling	of	rare-earth	nanoparticles	to	optical	micro-

cavities	 (WP2)	 strongly	 rely	 on	 the	 optical	 and	 spin	 coherence	 lifetimes	 of	 the	
nanoparticles.	Furthermore,	as	described	in	deliverable	D1.1,	the	particle	size	can	limit	

the	maximum	 Purcell	 factor	which	 can	 be	 achieved	 in	 the	 cavities	 through	 scattering	
losses.	For	losses	below	10	ppm,	particle	diameter	of	no	more	than	50	nm	is	required	in	

the	case	of	Eu3+,	taking	into	account	its	optical	transition	wavelength	(580.883	nm	vac.	or	

516.098	THz).	In	the	case	of	Er3+,	the	transition	wavelength	is	around	1.5	µm	and	100	nm	
particles	can	be	used	to	reach	the	same	loss	level.	Obtaining	long	coherence	lifetimes	(T2)	
is	a	challenging	task	when	scaling	down	in	size	because	of	increased	surface	to	volume	

ratio	 and	 potentially	 higher	 defect	 and	 impurity	 concentrations	 linked	 to	 chemical	
synthesis	methods.		Indeed,	significant	drops	in	the	optical	and	spin	coherence	properties	

is	often	observed	 in	nano-materials	 [3-4].	 In	 this	 context,	pioneer	work	carried	out	at	
CNRS-CP	 demonstrated	 that	 chemically	 synthesized	 rare-earth	 doped	 nanocrystals,	

aggregated	in	micron	size	particles,	could	present	narrow	optical	homogeneous	linewidth	

(Γh)	down	to	86	kHz	[5].	From	this	starting	point,	NanOQTech	efforts	at	CNRS-CP	have	
focused	 on	 synthesizing	 non-aggregated	 nanoparticles	 with	 long	 optical	 coherence	

lifetimes,	measuring	their	spin	properties	for	the	first	time,	and	developing	methods	to	

decrease	the	nanoparticles’	size	while	preserving	optical	and	spin	coherent	properties.		
	

Methods  

Optical	and	spin	coherence	lifetimes	were	measured	by	photon	echo	and	all-optical	spin	

echo	techniques	for	ensembles	of	poly-crystalline	Y2O3:	Eu3+	nanoparticles	synthesized	by	
homogeneous	 precipitation,	 with	 different	 average	 sizes	 and	 similar	 crystalline	 grain	

sizes	around	100	nm.	The	Eu3+	concentration	was	set	 to	0.3%	which	provided	enough	

absorption	without	introducing	too	much	strain	in	the	host	[6].	The	chemical	route	goes	
as	 follows:	 in	a	Teflon	 reactor,	urea	and	7.5	mM	of	yttrium	and	europium	nitrates	are	

mixed	with	800	mL	of	solvent	and	heated	at	85	°C	 for	24	h.	The	urea	concentration	 is	
chosen	depending	on	the	desired	final	particle	size.	In	particular,	0.3	mol	L-1	yields	large	

~400-500	nm	particles	while	a	3	mol	L-1	concentration	gives	~150	nm	particles.	Urea	

decomposition	 in	 the	 heated	 reactor	 leads	 to	 the	 precipitation	 of	 amorphous	 yttrium	
carbonates	(YOC)	particles	which	are	then	washed	with	water	and	ethanol,	dried	at	80	°C	

for	2	days	and	annealed	under	air	 at	1200	°C	 for	6	h	 to	 finally	obtain	Y2O3	crystalline	
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particles.	 A	 post	 treatment	 under	 a	 pure	 oxygen	 plasma	 generated	 in	 a	 home-made	
microwave	system	operating	at	2.45	GHz	and	900	W	is	performed	after	synthesis	for	6	

minutes	at	1	mbar	total	pressure.	The	reactive	oxygen	species	produced	in	the	plasma	aim	

at	reacting	with	the	surface	of	the	nanoparticles	and	removing	any	residual	impurities	left	
following	the	synthesis	process.	Scanning	electron	microscopy	(SEM)	and	transmission	

electron	microscopy	(TEM)	analysis	are	used	to	confirm	particle	sizes	and	morphology.	

The	 crystal	 structure	 and	 crystalline	 grain	 sizes	 are	 determined	 by	 X-ray	 diffraction	
(Panalytical	XPert	Pro).	

	

 
	
Figure	 1:	 Experimental	 setup.	 PBS	 states	 for	polarizing	 beam	 splitter,	 AOM	 for	 acousto-optic	
modulator,	M	for	mirror,	L	for	lens,	OF	for	optical	fiber,	APD	for	avalanche	photo	diode	and	DO	for	
digital	oscilloscope.	The	first	AOM,	in	double	pass	configuration	was	used	in	all	experiments	to	

modulate	the	laser	intensity	in	order	to	create	pulse	sequences.	The	second	AOM,	in	single	pass	

configuration,	 was	 used	 in	 spin	 echo	 experiments	 for	 generating	 two-color	 pulses	 with	
frequencies	ω1	and	ω2.	Inset:	energy	level	scheme	of	151Eu3+	ions	in	Y2O3.	
	
Spectroscopic	experiments	were	carried	out	with	the	samples	in	form	of	powders	placed	
between	two	glass	plates	with	a	copper	spacer	(~500	µm	thickness)	within	a	He	bath	

cryostat	(Janis	SVT-200).	The	excitation	 is	provided	by	a	Sirah	Matisse	DS	 laser	with	a	

linewidth	of	approximately	150	kHz	in	resonance	with	Eu3+	7F0-5D0	transition	(Figure	1,	
inset).	The	laser	beam	is	first	sent	through	a	double	pass	acousto-optic	modulator	(AOM)	
with	 a	 central	 frequency	 of	 200	 MHz	 followed	 by	 a	 single	 pass	 AOM	 with	 a	 center	

frequency	 of	 110	 MHz.	 Both	 AOMs	were	 driven	 by	 an	 arbitrary	 waveform	 generator	
(AWG)	with	625	MS/s	sampling	rate.	 	The	single	pass	AOM	is	used	to	create	two-color	

pulses	for	spin	echo	experiments	performed	on	the	±|1/2⟩ − ±|3/2⟩	ground	state	nuclear	
spin	transition	of	151Eu3+	(I=5/2).	The	first	diffraction	order	is	coupled	to	a	single-mode	
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fiber	in	order	to	ensure	high	spatial	overlap	between	the	two	colors.	For	photon	echoes,	
this	AOM	is	simply	kept	in	continuous	mode.	The	fiber	output	is	focused	onto	the	sample	

within	the	cryostat	with	a	75	mm	focal	length	lens.	Scattered	light	through	the	sample	is	

collected	by	a	series	of	lenses	from	the	rear	side	of	the	cryostat	to	be	finally	focused	on	an	
avalanche	photo	diode	(APD).	A	scheme	of	the	experimental	setup	is	displayed	in	Figure	
1.	The	 sample	 temperature	was	monitored	with	a	 temperature	 sensor	attached	 to	 the	
sample	holder	with	thermally	conducting	grease	and	tuned	by	controlling	the	helium	gas	
flow	and	the	pressure	inside	the	cryostat.	Magnetic	fields	perpendicular	to	the	laser	beam	

propagation	axis	could	be	applied	using	Helmholtz	coils	sitting	outside	the	cryostat.	
	
Figure	 2	 displays	 the	 photon	 echo	 (Fig.	 2a)	 and	 spin	 echo	 (Fig.	 2b)	 sequences.	 The	
principle	of	both	sequences	is	the	same:	a	first	pulse,	labelled	‘excitation’,	drives	a	rare-
earth	ion	ensemble	into	a	coherent	superposition.	This	superposition	is	created	between	

the	 optical	 ground	 and	 excited	 states	 in	 the	 case	 of	 photon	 echo	 experiments	 (at	 the	

optical	frequency	ωopt	=	516.018	THz)	and	between	two	ground	state	spin	levels	in	spin	
echo	experiments.	 In	 the	latter	case,	 this	 is	done	by	an	all-optical	approach	using	two-

color	laser	pulses	as	shown	in	Fig.	1	inset	(with	|ω1-	ω2|	=	29.34	MHz,	the	151Eu3+	spin	
transition	 frequency).	 This	 initial	 coherence	 quickly	 decays	 due	 to	 the	 frequency-

dependent	phase	evolution	of	each	ion.	After	a	certain	delay	‘τ’,	a	rephasing	or	π	pulse	is	

applied,	which	effectively	reverses	the	phase	evolution	so	that,	at	the	same	delay	after	the	
second	pulse,	or	equivalently,	‘2τ’	after	the	first	pulse,	the	ion	ensemble	has	rephased.	In	

the	optical	transition,	the	rephasing	gives	rise	to	photon	echo	emission,	here	detected	by	

interference	between	the	echo	and	a	frequency	shifted	pulse	(heterodyne	pulse).	In	the	
spin	echo	case,	the	rephased	spin	coherence	is	first	converted	to	optical	coherence	by	an	

optical	pulse	at	ω2,	and	then	detected	as	a	beating	between	the	transferred	coherence	at	
ω1	and	the	transfer	pulse	itself	at	ω2	(see	ref.	[2]	for	more	details).			

 
Figure	2:	(a)	Two-pulse	photon	echo	sequence.	Optical	pulses	at	frequency	ωopt	=	516.018	THz	
are	used	to	create	and	rephase	a	superposition	state	created	in	the	ion	ensemble.	The	emitted	

photon	echo	is	detected	by	interference	with	a	frequency-shifted	heterodyne	pulse.	The	sequence	

ends	with	a	series	of	pulses	(labelled	‘repump’)	to	reset	population	equilibrium	in	the	ground	state		

spin	 levels.	 (b)	 Two-pulse	 all-optical	 spin	 echo	 sequence.	 This	 sequence	 is	 preceded	 by	 spin	
polarization	 to	 the	 ± |1/2⟩ 	level,	 carried	 out	 by	 spectral	 hole	 burning.	 Two-color	 pulses	 at	
frequencies	ω1	and	ω2	are	then	used	to	create	and	rephase	spin	coherences	and	a	single	frequency	
pulse	at ω2	is	sent	for	spin	coherence	detection.	The	sequence	ends	in	the	same	way	as	the	photon	
echo	one,	with	a	series	of	pulses	which	set	the	ground	state	population	back	to	equilibrium.	
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As	 ‘τ’	 increases	 the	 number	 of	 ions	 which	 are	 efficiently	 rephased	 decreases	 due	 do	
decoherence,	i.e.	random	phase	shifts,	leading	to	a	decrease	in	echo	amplitude	E	which	in	
a	general	way	can	be	written	as	[7]:	

	

)(+) = ). exp 2−
2+
34
5
6
	

	

As	it	will	be	shown	in	next	sections,	in	our	experiments,	most	photon	echo	and	spin	echo	
decays	are	exponential	(7 = 1),	therefore,	T2	values	could	be	derived	from	decay	curves	
by	single	exponential	fit.	

	

Optical and spin homogeneous linewidths in Eu3+ doped Y2O3 
nanoparticles 

Large nanoparticles (~400 nm) 

Exhaustive	photon	echo	and	spin	echo	 investigations	were	 first	carried	out	 in	400-nm	

diameter	nanoparticles.	The	detail	of	these	studies	is	given	in	refs	[1-2].		An	optical	T2	of	
7	 µs	 was	measured,	 cor-responding	 to	 Γh	 =	 45	 kHz	 [1],	 a	 value	 comparable	 to	 those	
obtained	 in	 some	 bulk	materials	 [8-9],	 highlighting	 the	 high	 crystalline	 quality	 of	 the	

particles.	 We	 further	 improved	 coherence	 lifetimes	 by	 applying	 a	 post-synthesis	
treatment	 under	 oxygen	 plasma	

to	the	particles.	As	an	example,	a	

recent	 result	 is	 displayed	 in	Fig.	
3a,	 yielding	 Γh	 =	 25	 kHz.	

Optimization	of	the	treatment	and	
more	 advanced	 spectroscopic	

investigations	 to	 understand	 its	

effects	are	currently	in	progress.	
	
Spin	echoes	measured	for	the	first	

time	 in	 rare-earth	 doped	
nanoparticles	 appeared	 to	 be	 in	

the	millisecond	range	[2].		At	zero	
field,	 spin	 T2	 is	 equal	 to	 1.3	 ms,	

which	 corresponds	 to	 a	

homogeneous	 linewidth	Γh	=	250	
Hz	 (Fig.	 3b).	 This	 homogeneous	
linewidth	could	be	reduced	down	

to	110	Hz	(T2	=	2.9	ms,	Fig.	4a)	by	
applying	 a	 weak	 external	

magnetic	field,	which	is	explained	
by	 a	 decrease	 in	 the	 magnetic	

dipole-dipole	 interaction	(see	[2]	

for	 further	details).	 Interestingly,	
from	 [1-2]	 studies,	 it	 can	 be	

concluded	 that	 spin	 T2	 is	 much	

more	 preserved	 than	 the	 optical	
T2	in	the	nanoparticles.	Therefore,	

 
Figure	 3:	 (a)	 Photon	 echo	 decay	 from	 400-nm-
diameter	particles.	(b)	Spin	echo	decay	from	400-nm-

diameter	particles.	Spin	T2	was	here	measured	for	the	

first	time	and	found	equal	to	1.3	ms.	
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the	difference	compared	to	bulk	values	is	less	than	one	order	of	magnitude	for	the	spin	T2	
[7-8]	,	1.3	vs.	12	ms,	while	larger	than	two	orders	of	magnitude	for	optical	T2,	0.007	vs	1	

ms.	This	behavior	suggests	that	the	nature	of	the	dephasing	mechanisms	responsible	for	

the	 optical	 and	 spin	 T2	 values	 in	 the	 nanoparticles	 are	 different,	 being	 associated	 to	
electric	effects,	either	in	the	particles	surface	or	in	the	volume,	for	the	optical	coherence	

[1],	and	to	paramagnetic	defects	in	the	case	of	spin	coherence	[2].	The	precise	nature	of	

these	defects	is	still	unclear	and	under	investigation.	We	expect	that	further	reduction	of	
defects	 and	 impurities	 in	 the	 particles	 will	 improve	 both	 optical	 and	 spin	 coherence	

values	to	a	large	extent	(see	Discussion	below).	
	

Spin	coherence	lifetime	extension	was	

also	achieved	in	the	nanoparticles	by	
dynamical	 decoupling	 [12].	 This	

sequence	was	 here	 carried	out	 fully-
optically		for	the	first	time	[2].	In	our	

scheme,	 standard	 RF	 pulses	 were	

replaced	 by	 two-color	 pulses	 as	 the	
ones	 depicted	 in	 Figure	 2b	 for	
excitation	 and	 rephasing.	 The	 best	

dynamical	 decoupling	 result	 is	
displayed	 in	Fig.	4b,	obtained	with	a	
CPMG	sequence	[13]	with	62	optical	2-
color	 8 	pulses	 and	 a	 8 -pulse	

separation	of	300	µs.	
	
	
Figure	4:	(a)	Spin	echo	extension	under	
an	 8.6	 mT	 external	 magnetic	 field.	 (b)	

Spin	 echo	 extension	 by	 all-optical	
dynamical	decoupling.	

	

	

 

Towards smaller nanoparticles 

As	explained	in	the	introduction,	the	particle	size	needs	to	be	sufficiently	small	to	reduce	
scattering	and	ensure	an	efficient	coupling	between	rare-earth	doped	nanoparticles	and	

optical	micro-cavities.	In	this	context,	two	different	strategies	were	pursued	in	order	to	
obtain	nanoparticles	in	the	100-nm	diameter	range	and	below.	Both	of	them	have	so	far	

given	encouraging	results	in	terms	of	optical	and	spin	coherence	lifetimes.	
 
Chemical synthesis 

The	 homogeneous	 precipitation	 chemical	 route	 allows	 for	 morphology	 and	 size	

distribution	 control.	 As	 mentioned	 above,	 the	 amount	 of	 urea	 introduced	 with	 the	

precursors	determines	the	final	particle	size.	In	particular,	a	concentration	of	3	mol	L-1	
yields	Y2O3	nanoparticles	with	an	average	diameter	between	100	and	150	nm	(Figure	
5a).	Further	size	reduction	can	also	be	achieved	by	changing	the	solvent	from	water	to	a	
mixture	of	ethanol,	butanol	and	water	(ratio	1:2:2).	In	the	latter	case,	with	3	mol	L-1	of	
urea,	one	can	get	particles	down	to	80	nm	diameter.	The	main	difficulty	of	this	approach	
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resides	 in	 the	 need	 for	 a	 high-temperature	 annealing	 step	 (~	1200	 °C),	which	 causes	
particles	to	sinter	and	aggregate.	Crystallization	of	the	amorphous	carbonates	(YOC)	to	

Y2O3	 can	 be	 achieved	 at	 700°C,	 but	 previous	 investigations	 showed	 that	 higher	

temperatures	are	required	to	fully	cure	defects	and	ensure	narrow	optical	linewidths	[6].	
In	the	present	investigation,	aggregation	has	been	limited	to	some	extent	by	performing	

annealing	in	two	steps,	first	at	lower	temperature	(~800°C)	to	initiate	crystallization	and	

then	around	1200	°C	to	cure	remaining	defects.	Despite	this,	aggregation	still	occurs	as	
displayed	in	Figure	5a,	although	the	number	of	aggregates	is	small	compared	to	that	of	
dispersed	single	particles.	This	is	important	in	terms	of	cavity	applications,	where	single	
particles	are	targeted.	

	
	
Figure	5:	(a)	SEM	image	and	size	histogram	of	Y2O3:0.3%	Eu3+	nanoparticles	synthesized	with	3M	
urea	 after	 1200	 °C	 annealing.	 Large	 size	 aggregates	 (>350	 nm)	 are	 not	 accounted	 for	 in	 the	
histogram	which	 represents	 the	 size	 distribution	 of	 single	 particles.	 (b)	 SEM	 image	 and	 size	

histogram	of	Y2O3:0.3%	Eu3+	nanoparticles	obtained	by	wet	chemical	etching	from	standard	400-

nm-diameter	particles.	The	etching	approach	avoids	aggregation.	

	
Wet chemical etching 

Particle	size	reduction	by	wet	chemical	etching	was	investigated	as	an	alternative	to	direct	

chemical	synthesis	in	order	to	avoid	aggregation	issues.	The	etching	was	performed	as	

follows:	first,	Y2O3:Eu3+	nanoparticles	with	average	size	400	nm	were	synthesized	with	
annealing	 at	 1200	 °C;	 then	 they	were	 etched	 in	 acetic	 acid	 solutions	 of	 50	wt.%	 acid	

content	(8.53	mol	L-1).		A	weak	acid	(pKa	=	4.76	at	25	°C)	was	chosen	to	obtain	low	etching	
rates,	allowing	control	over	the	size	reduction	process.	A	deep	analysis	of	the	particles	

sizes,	 morphologies	 and	 inner	 structure	 after	 etching	 evidenced	 a	 progressive	 size	

reduction	of	 the	particles	on	average	with	no	effect	on	 the	 crystalline	grain	sizes.	The	

(a) (b) 
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etching	 mechanism	 was	 indeed	 found	 to	 preferentially	 act	 on	 the	 particles’	 grain	
boundaries.	Indeed,	after	several	hours	of	etching	some	of	the	poly-crystalline	particles	

appear	reduced	to	a	single	crystalline	grain.	The	etching	rate	was	found	equal	to	7.6x106	

nm3	h-1	and	the	activation	energy	of	the	material	was	estimated	at	0.51	eV.	Full	details	are	
given	in	the	unpublished	manuscript	in	Appendix.	An	issue	with	this	approach	is	the	very	

large	material	loss	that	occurs	during	etching.		

	
Optical inhomogeneous linewidths 
	

Optical	 inhomogeneous	 linewidths 
were	 recorded	 at	 low	 temperature	
(~10	 K)	 by	 monitoring	 the	 5D0-7F2	
fluorescence	 while	 scanning	 the	

laser	through	the	7F0à5D0	transition.	
Particles	 directly	 synthesized	 with	

140	 nm	 average	 diameter	 showed	
values	 around	 11	 GHz	 (Fig.	 6a),	 as	
expected	 for	 particles	 annealed	 at	

1200°C	 [6].	 After	 etching,	
nevertheless,	a	clear	broadening	was	

observed	in	all	measured	samples,	as	

in	the	example	shown	in	Fig.	6b.		
	
	
Figure	 6:	 Optical	 inhomogeneous	
linewidths.	 (a)	 Synthesized	 particles,	
with	 average	 diameter	 of	 140	 nm,	

annealed	at	1200	°C.	(b)	Etched	particles	

compared	 to	 the	 initial	 400-nm-
diameter	 ones.	 Solid	 lines:	 Lorentzian	

fits.	

	

	

As	displayed	in	Figure	6,	 line	shapes	can	be	described	by	Lorentzian	functions	both	in	
etched	and	non-etched	particles.	This	indicates	that	point	defects	are	the	source	of	the	
inhomogeneous	 broadening	 [14].	 In	 non-etched	 particles,	 broadening	 is	 dominated	 by	
Eu3+	ions	themselves,	highlighting	the	low	content	of	other	defects	in	these	materials	[6].	
Upon	etching,	strain	is	not	expected	to	change	in	the	crystalline	grains	as	their	size	is	not	

noticeably	changed	during	the	process.	We	therefore	attribute	the	additional	broadening	

observed	in	etched	particles	to	an	increase	in	point	defects	at	the	surface	of	the	crystalline	
grains.	
	

Optical and spin T2 in small particles 

The	optical	echo	decays	recorded	from	the	samples	in	Figure	5	are	displayed	in	Figure	
7a	and	7b.	Etched	particles	show	a	single	exponential	decay	yielding	a	T2	of	9.3	µs	(Γh=34	
kHz).	Compared	to	the	initial	particles	before	etching	(Γh=25	kHz),	the	broadening	due	to	

etching	is	less	than	10	kHz	despite	the	large	broadening	of	the	inhomogeneous	line	(Fig.	
6a).	This	constitutes	a	very	encouraging	result	for	this	approach	since	a	volume	reduction	
of	95%	from	the	 initial	particles	 is	achieved	with	only	small	degradation	of	the	optical	
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coherence	lifetime.	Photon	echo	decays	recorded	from	particles	directly	synthesized	at	
small	sizes	present	bi-exponential	character	after	oxygen-plasma	treatment,	with	a	fast	

decay	component	(with	a	decay	constant	of	the	order	of	3	µs)	and	a	long	component	in	

the	 10	 µs	 range,	 displayed	 in	 Fig.	 7b,	 that	 could	 correspond	 to	 ions	 in	 specific	
environments	(e.g.	well	crystallized	particles)	that	is	not	clearly	identified	yet.	Spin	echo	

signals	were	also	measured	in	this	sample	(Fig.	7c).	Spin	T2	in	the	millisecond	range	was	
found	although,	in	contrast	to	spin	echo	measurements	carried	out	in	large	particles,	the	
decay	is	clearly	modulated	as	previously	observed	in	Y2O3:Eu3+	transparent	ceramics	[10].	
It	was	therefore	fitted	with	a	function	of	the	form:	
	

)(+) = ). exp 2−
2+
34
5 91 +;<=>4 ?@+2 AB	

	
These	very	recent	results	are	also	very	encouraging	given	the	 long	optical	and	spin	T2	
measured	for	the	as-synthesized	140	nm	particles.		
	

	
	

	

Discussion and perspectives  

The	 long	optical	 and	spin	 coherence	 lifetimes	measured	 in	400	and	150	nm	Eu3+:Y2O3	
particles	are	unique	in	the	solid	state.	In	particular,	the	ms	range	spin	T2	are	the	longest	

reported	for	optically	addressable	spins	in	any	nano-materials.	They	are	comparable	to	
values	 found	 in	 bulk	materials	 and	 the	 additional	 dephasing	 is	 likely	 to	 be	 limited	 by	

magnetic	 impurities	 or	 defects.	 We	 currently	 study	 ways	 to	 reduce	 them	 through	

improved	syntheses	and	post-treatments.	 Importantly,	we	 showed	 that	 spin	T2	 can	be	
extended	 by	 all-optical	 dynamical	 decoupling,	 although	 strong	 light	 scattering	 and	

particle	random	orientations	cause	a	large	spread	in	Rabi	frequencies,	limiting	in	turn	the	
efficiency	of	the	technique.	In	a	single	particle	or	ion,	these	issues	disappear	and	we	expect	

Figure	7:	(a)	Photon	echo	decay	from	
etched	 particles	 (155-nm	 average	

diameter).	 (b)	 Photon	 echo	 decay	

from	synthesized	particles	(140-nm-
diameter),	 annealed	 at	 1200	 °C.	 (c)	

Spin	echo	decay	from	particles	in	(b)	

showing	clear	echo	modulation.	
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T2	extensions	by	orders	of	magnitude	using	a	combination	of	dynamical	decoupling	and	
magnetic	field	induced	clock	transitions,	as	shown	in	bulk	crystals	[15].	This	is	a	key	point	

for	NanOQTech's	WP2	since	qubits	are	defined	within	the	ground	state	spin	transition.		

Optical	 transitions	show	a	 large	broadening	 compared	 to	 the	best	bulk	materials.	Our	
detailed	 spectroscopic	 studies	 attribute	 it	 to	 dephasing	 related	 to	 low	 frequency,	

structural	fluctuations	(Two	Level	Systems)	and	electric	field	fluctuations	due	to	charges	

or	dipoles	on	the	particle	surface.	Their	contributions	at	1.4	K	is	about	10	kHz	(TLS)	and	
10-30	kHz	(surface	effects)	and	could	be	reduced	in	improved	materials,	a	topic	we	are	

currently	investigating	through	synthesis	optimization	and	post-treatments.	We	note	that	
the	TLS	contribution	could	be	reduced	below	1	kHz	(i.e.	in	the	range	of	bulk	homogeneous	

linewidths)	by	cooling	the	samples	to	50	mK	temperatures.	The	current	optical	linewidths	

should	be	however	narrow	enough	for	the	ion-ion	interactions	planned	in	WP2.		

The	 investigations	 performed	 in	 Y2O3	 nanoparticles	 of	 different	 sizes	 suggest	 that	 the	

coherence	 properties	 depend	 primarily	 on	 the	 crystal	 grain	 size	 rather	 than	 on	 the	
particle	size.	For	example,	optical	and	spin	T2	coherences	are	preserved	to	a	large	extent	

when	the	particle	size	 is	reduced	from	400	nm	to	around	150	nm	by	etching	or	direct	

synthesis	(95%	volume	reduction).	In	this	process	however,	the	grain	size,	on	the	order	
of	100	nm,	does	not	vary.	Indeed,	the	main	difference	between	large	and	small	particles	

is	that	the	first	ones	are	composed	by	a	larger	amount	of	crystalline	grains.		

Smaller	 particles,	 in	 the	 range	 of	 100	 nm	 and	 below,	 are	 currently	 synthesized	 and	
studied.	Preliminary	results	indicate	that	in	particles	of	100	nm	average	size,	optical	and	

spin	T2	of	6.5	µs	and	2.6	ms	have	been	observed.	This	is	promising	with	respect	to	our	
goals	on	materials	as	stated	in	MS5:	30	kHz	optical	homogeneous	linewidth	and	1	ms	spin	

T2	in	particles	<	100	nm.	While	this	size	is	small	enough	to	couple	Er3+	ions	to	a	micro-

cavity	without	detrimental	 losses,	Eu3+	doped	particles	require	smaller	sizes,	about	50	
nm.	We	plan	to	produce	these	materials	by	etching	of	larger	particles	that	can	be	annealed	

at	 high	 temperatures,	 while	 direct	 synthesis	 could	 produce	 strong	 sintering	 and	

aggregation	at	the	annealing	step.		

 
Conclusion  

In	this	deliverable	we	report	the	results	of	the	optical	and	spin	coherence	investigations	

carried	out	 in	Y2O3:Eu3+	nanoparticles	at	CNRS-CP.	Milestone	values	of	 around	30	kHz	
optical	 homogeneous	 linewidth	 and	 >	 1	 ms	 spin	 T2	 have	 been	 achieved	 in	 ~150	 nm	

particles	although	a	further	size	reduction	below	100	nm	is	required	for	efficient	coupling	
to	optical	micro-cavities,	with	current	researches	focused	on	this	goal.	These	researches	

have	so	far	yielded	three	journal	articles	[1-2]	and	Appendix.	
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