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Diamant : matériau aujourd’hui maîtrisé 
avec deux voies de synthèse

Presse HPHT

Element 6

croissance à partir de 
catalyseurs (Ni)

Element 6 
LSPM (Villetaneuse)

Croissance CVD
dépôt sur substrat

adaptée à l’électronique



Spectroscopie du diamant et défauts
• Robertson, Fox & Davies (Imperial College, 1930) 

Caractérisation par absorption infrarouge des diamants 
naturels : “type I” (avec une bande intense ≈ 7.8 µm) et 
“type II” (sans bande d’absorption spécifique)

• Sans explication jusque Kaiser & Bond (Bell Labs, 1959)
- Silicium : l’oxygène est la principale impureté
- Application au diamant : l’absorption à 7.8 µm est due 

à des impuretés d’azote présentes dans le cristal

Le diamant de type I peut 
contenir jusqu’à 0.1% d’azote 

typiquement 100 ppm



Insertion des impuretés d’azote ? 
• Smith, Sorokin, Gelles & Lasher (IBM) -1959 

Spectroscopie RPE montrant une résonance de spin 
électronique associée à 14N : les atomes d’azote 
existent comme atomes individuels au sein du cristal. 
Par comparaison avec [N] ~100 ppm, l’intensité du 
signal EPR indique que la plupart des impuretés d’azote 
sont liées entre elles (par ex. paires de N).

• Gordon Davies (et autres) - années 1970 
identification de nombreux “centres colorés” et leurs 
propriétés optiques (absorption et luminescence).

• Les défauts sont modifiables par irradiation (création  
de lacunes) puis traitement thermique (diffusion des 
lacunes et recombinaison avec les impuretés).



Compréhension  
de la structure des 
défauts des 
semiconducteurs 

Préface de Jacques FRIEDEL



Impuretés d’azote dans le diamant

• Liaison entre une lacune dans la maille avec 3 atomes 
de N en substitution sur des sites voisins : centre N3

• Atome d’azote N en substitution lié à une lacune sur 
un site adjacent  : centre coloré NV 

N: nitrogen
V: vacancy

N

V

Structure  
atomique

Diamant “Hortensia” 
musée du Louvre



Luminescence et état de charge
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Centre NV du diamant observé comme 
système quantique élémentaire

• Jörg WRACHTRUP & Fedor JELEZKO - Gruber et al., Science 276, 2012 (1997)

N
single NV

1µm

• Luminescence parfaitement stable à température ambiante : 
source pratique et efficace de photon unique (Ph. Grangier) 
pour la cryptographie quantique, les interférences à un photon,…

• Spin électronique qui peut être préparé et lu optiquement,  
et qui peut être manipulé au moyen d’impulsions micro-ondes 

Thèse&Alexios&Beveratos&(Ins4tut&d’Op4que)



Résonance magnétique du centre NV-

• Niveaux triplet de spin
• Axe de quantification z fixé par l’axe NV
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•Détection optique d’un spin 
électronique unique

•Degré de liberté interne =qubit



Manipulation cohérente du spin

laser laser MW 
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1.1. The NV center in diamond

Figure 1.5: (a) The pulse sequence for the Ramsey signal measurements and schematic
representation of the NV center system evolution while applying it. (b) A typical Ram-
sey sequence measurement performed on a single NV defect hosted in CVD ultrapure
diamond sample. (c) Schematic representation of the grown diamond samples and their
major characteristics related to the NV center spin decoherence.

the NV defect electron spin is dominated by the coupling with a bath of 13C nuclear
spins (1.1% natural abundance), leading to T ⇤

2 ⇠ few µs. A typical free induction decay
for a single NV defect in this type of sample is shown in Figure 1.5b. In addition, it
was recently shown that diamond crystals can be isotopically purified with 12C atoms
(spinless) during sample growth, thus reducing the content of 13C below 0.01%. Being
nestled in such a spin free lattice, the NV defect electron spin coherence time are typ-
ically on the order of T ⇤

2 ⇠ 100 µs [46, 47], which is the longest values ever observed
for a solid-state system at room temperature. The sample-dependent coherence times
of single NV defects under ambient conditions are summarized in Figure 1.5c.

In order to improve coherence properties of NV centers, several approaches based
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Effet du champ magnétique
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Centre NV = magnétomètre  
de dimension atomique,          

de sensibilité ~ 1 µT 
Maze et al., Nature 455, 644 (2008) 
Balasubramanian et al., Nature 455, 648 (2008)  
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Détection magnétique avec un spin

B 

échantillon

spin électronique

sur pointe à balayage

∝ B

| # i| # i

| " i| " i

• Principe e↵et Zeeman

• Réalisable avec une pointe AFM dont l’extrémité est 
fonctionnalisée par un nanodiamant. 
Ce nanodiamant contient un centre NV unique dont 
la résonance de spin est détectée optiquement.

B.&M.&Chernobrod&&&G.&P.&Berman,&J.&Appl.&Phys.&97,&014903&(2005)



Détection magnétique avec un spin
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Microscope à fluorescence 
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Imagerie quantitative de 
la composante BNV 

  

•  avec un volume de 
mesure < (1 nm)3 

  

•  aux conditions 
ambiantes 

– Thèses de Loïc Rondin  
             et de Jean-Philippe Tétienne

– L. Rondin et al., Rep. Prog. Phys. 77, 056503 (2014) 



Réalisation pratique 

Echantillon 
Pointe AFM 

Objectif de 
microscope 

5 mm 

microscope à

fluorescence

microscope à

force atomique

10 µm 
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Créer des centres NV dans un nanodiamant 
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Créer des centres NV dans un nanodiamant Créer des centres NV dans un nanodiamant 
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Photoluminescence d’un micro-cristal de diamant sous excitation verte

➡ Peut s’appliquer à une poudre de nanodiamants 

nanoparticules de diamant
de taille entre  

10 nm et 60 nm
 

Collaboration 
Thierry Gacoin et 

Géraldine Dantelle (PMC) 
Rondin et al., PRB 82, 115449 (2010)  

Fluo. (coups/ms) 
0 90 

Hauteur (nm) 
0 60 

Image AFM Fluorescence 



Nanodiamants fluorescents en biologie 
• Fluorescence intrinsèque, stable à T ambiante
• Pas de cytotoxicité induite par les nanodiamants

“Diamond jewelry” for C-Elegans worms 
Courtesy of Huan-Chen CHANG  (Academia Sinica, Taipei)

N. Mohan et al., Nano Letters 10, 3692 (2010)



Nanodiamants dans des neurones
Etude du trafic cellulaire le long de dendrites 

François Treussart and Michel Simmoneau (ENS Cachan)  Setup spatial resolution: superlocalization
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Greffage du nanodiamant sur la pointe

50 0 Fluo. 
 (coups/ms) 

avant accrochage

nanodiamants sur  
une lame de verre

accrochage in-situ 
au moyen de  
la pointe AFM

50 0 Fluo. 
 (coups/ms) 

après accrochage

adhésion 
spontanée



Centre NV unique sur la pointe
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Caractérisation du capteur magnétique
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Vortex magnétique
! Disque de permalloy Fe20Ni80

- Taille entre 100 nm 
jusqu'à quelques microns

- Epaisseur de 10 nm à 
quelques microns

! Aimantation en vortex
avec un cœur de l’ordre de 10 nm

! Imagerie par microscopie à 
force magnétique (MFM)

- Courbure parasite des 
domaines dû à 
l’interaction avec la pointe 
magnétique  

- Image difficilement 
quantitative

Magnetic vortices in square 


• !5"µm"%"Fe80Ni20"square"in"a"
vortex"state"

Vortex core 

• !Stray"field"from"the"diagonals"

MFM"image"

J.M. García-Martín, et al. 
J. Phys. D: Appl. Phys. 37, 965-972 (2004) 

"  Apparent"domain"wall"curvature"
induced"by"the"magneEc"Ep"

"  Not"quanEtaEve"

1"µm"!

image MFM

Nanoscale magnetic imaging techniquesImaging magnetic vortices


Wachowiak, A. et al. 
Science 298, 577 (2002).  

!  Atomic scale resolution 
!  Complicated technic 

Spin Polarized STM 

X-ray Microscopy 

Fischer, P. et al. PRB 
83, 212402 (2011).  

!  10 nm resolution 
!  Need thin sample 

"  By measuring M

High spatial resolution 
Specific sample required  

 

"  By measuring B

Spatial resolution limited by 
the probe-to-sample distance 

 
 

Highly versatile method 

Magnetic Force Microscopy 

Shinjo, T. et al. Science 289, 930 (2000)  

Magnetic sample 

Magnetic tip 

Magnetic back-action  
 

Hardly quantitative  
 

Imaging magnetic vortices
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Magnetic imaging with a scanning NV-center microscope:

Application to magnetic vortices and domain walls


Jean-Philippe Tetienne1,2, Thomas Hingant1,2, Loïc Rondin1, Stanislas Rohart3, André Thiaville3, Liza Herrera 
Diez4, Karin Garcia4, Dafiné Ravelosona4, Gilles Gaudin5, Jean-François Roch2 and Vincent Jacques1,2 

1 Laboratoire de Photonique Quantique et Moléculaire, ENS Cachan and CNRS, 94235 Cachan, France 
2 Laboratoire Aimé Cotton, Université Paris-Sud, ENS Cachan and CNRS, 91405 Orsay, France 

3 Laboratoire de Physique des Solides, Université Paris-Sud and CNRS, 91405 Orsay, France 
4Institut d’Electronique Fondamentale, Université Paris-Sud and CNRS, 91405 Orsay, France 

5SPINTEC, CEA, CNRS, Univ. Joseph Fourier and G-INP, 38054 Grenoble, France 

Scanning NV-center microscopy for magnetic imaging 
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Vectorial measurement 

3D measurement 

Observation of a higher-order magnetization state Effect of the tip tapping motion 

Imaging domain walls in ultrathin ferromagnets 
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Mapping the domain wall pinning sites using laser-controlled hopping 
1) Dragging the domain wall at high laser power (1500 uW): 2) Imaging the domain wall at low laser power (250 uW): 
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Magnetic imaging with a scanning NV-center microscope:

Application to magnetic vortices and domain walls
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Scanning NV-center microscopy for magnetic imaging 
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Mapping the domain wall pinning sites using laser-controlled hopping 
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Magnétométrie NV
• Images du cœur de vortex  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Rondin et al., Nature 
Communications 4, 2279 (2013).
Tetienne et al., Phys. Rev. B 88, 
214408 (2013).  

• Technique adaptée à l’étude quantitative de nombreux types 
d’échantillons et de phénomènes magnétiques :

- Sauts aléatoires de parois dans un fil magnétique  
Tetienne, Hingant et al., Science 344, 6190 (2014)

- Détermination de la nature d’une paroi, Bloch ou Néel 
Tetienne, Hingant, et al., Nature Com. 6, 6733 (2015) 
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Sensibilité et résolution

20 mai 2015  Loïc Rondin 13

Résolution et sensibilité du magnétomètre NV

Une solution : 
→ Pointe taillée dans une couche de diamant 

monocristallin et incorporant un centre NV
(Harvard, MIT, Uni. Santa Barbara, Uni. Basel)

→ Nombreuses étapes dans le procédé 
d'élaboration

Influence de la distance entre l'échantillon et la sonde :

Cœur de 
vortex

Maletinsky, P. et al. Nat. Nano. 7, 320 (2012)

• Pouvoir séparateur limité par la  
“hauteur de vol” (50 à 100 nm)

• Distribution de B cartographiée  
avec un volume de mesure (1 nm)3

• Sensibilité limitée par le temps de 
cohérence dans le nanodiamant

Maletinsky et al., Nature Nano. 7, 320 (2012) 

Basel, MIT/Harvard, Santa Barbara

Solu4on-:-pointe-taillée-en-diamant



Approches alternatives
•  D’autres types de magnétomètres à balayage

20 mai 2015  Loïc Rondin 14

Solutions nouvelles pour la magnétométrie NV

Magnétomètre intégré fibré

● Dispositif tout optique, sans pointe

● Adapté aux environnements complexes de 

biologie et de microfluidique.

Fibre optique 
effilée

nanodiamant

diapason

Nano-manipulation par 
pince optique

Excitation du 
centre NV

Collection 
PL

Échantillon magnétique

nanodiamant

Objectif

Laser de 
piégeage

Excitation du 
centre NV

Collection PL

● Système en optique intégrée

● Adapté au balayage et à un environnement 

cryogénique

● Potentiellement industrialisable

20 mai 2015  Loïc Rondin 14

Solutions nouvelles pour la magnétométrie NV

Magnétomètre intégré fibré

● Dispositif tout optique, sans pointe

● Adapté aux environnements complexes de 

biologie et de microfluidique.

Fibre optique 
effilée

nanodiamant

diapason

Nano-manipulation par 
pince optique

Excitation du 
centre NV

Collection 
PL

Échantillon magnétique

nanodiamant

Objectif

Laser de 
piégeage

Excitation du 
centre NV

Collection PL

● Système en optique intégrée

● Adapté au balayage et à un environnement 

cryogénique

● Potentiellement industrialisable

• Cartographie du champ magnétique par microscopie 
en “champ large” (collaboration LAC & Thales)

optique intégrée 
environnement cryogénique

plus de pointe !
adapté à la biologie 

et à la microfluidique



Imagerie magnétique en champ large
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Th. Debuisschert, M. Chipaux, L. Toraille & L. Mayer



Pixel = spectre de résonance magnétique

y"

!"#$%"!"#$%"
a)" b)"

c)" d)"
Lu
m
in
es
ce
nc
e)
(A
.#U
.))

Microwave)Frequency)(GHz))

jeu de 4 informations corrélées

! (B
x

, B
y

, B
z

) par maximum de vraisemblance



Champ magnétique d’un fil…
résolution : celle du microscope optique ~400 nm

20µm

…Permet de retrouver une distribution  
de courant en micro-électronique

Th. Debuisschert - Thales & A. Nowodzinski - CEA LETI

150µm



Cartographie de la densité de courant
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2. Imagerie magnétique par résonance de spin 
du centre coloré NV

3. Ingénierie du centre coloré NV

Plan

Centres NV du diamant :
du matériau aux applications 

1. Les défauts ponctuels du diamant comme 
des « atomes artificiels » 



Ingénierie du centre NV : quelques “défis”

NV#

couplage d’un centre NV

à un cristal photonique

ProspecIves,of,FIB,technology,

$xy$mask$$
$mica$foil$[*]$

NV*
NV*

NV,center,for,quantum,informaIon,

* S.Pezzagna, et al. Phys. Status Solidi A 208 , 2017 (2011)$

mica thickness of 5mm). The expected angle-dependence
taking only geometrical effects into account is also plotted in
Fig. 4b (dashed line) and has a FWHM of only 0.358. Note
that simulating the same geometrical effect but for a rhombus
side of 145 nm allows to fit the experimental data. Since ions
can still be transmitted at angles higher than the ‘‘acceptance
angle’’ of the channels, it can be concluded that a significant
part of the transmitted ions experience one ormore scattering
or channelling processes within the channels [18]. In order to
assess this, we measured the energy of the transmitted ions
at 08 (maximum transmission) and at an angle of 1.78.
The results are plotted in Fig. 4c. For 08 (blue curve) the

maximum energy is at 1MeV whereas for 1.78 (grey curve)
the energy maximum is shifted down to 650 keV. Moreover,
the energy distribution is broader and the total number of
transmitted ions is strongly reduced. The loss of energy
indicates that the ions are scattered at the walls of the
channels or may also ‘‘channel’’ within the tracks. The
energy distribution at 08 is broader than expected. This is
likely due to a nonexact 908 angle between the rotation axis
of the mica foil and the ion beam direction. In the conditions
used in the experiment, the beam divergence is about 0.0118
and can be neglected. Figure 4d gives an estimation of the
angle dependence of the percentage of the transmitted ions
expected to go through the channelswithout losing energy by
scattering or channelling. It shows how precisely the tilt
angle has to be adjusted in order to reduce the ion energy
broadening as much as possible.

Finally, the transmission through the channels at 08 can
be deduced by integrating the curve in Fig. 4d. The mica foil
used has a channel density of 5.7! 108 cm"2, the average
channel cross-section being 805 nm2.We used an ion current
of 720 pA which corresponds to an impinging ion flux of
5.73! 1011 ions # cm"2 # s"1. In these conditions, a rate of
673 ions/s was recorded on the detector. Taking into account
the 100mm diaphragm one finds a transmission of 0.33%.
This is significantly less than the transmission deduced from
counting the number of NV centres produced per implanted
spot. However, we attribute our finding to a misalignement
between the beam and the channels.

In summary, we have demonstrated the creation of NV
centres in diamond by collimated implantation of nitrogen
ions through nano-channels in mica. The nano-channels
have been fabricated by exposing mica foils to swift heavy
ions and subsequent chemical track etching in hydrofluoric
acid. The resulting nano-channels are parallel oriented and

2020 S. Pezzagna et al.: Creation of colour centres in diamond by collimated ion-implantation
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Figure 2 (online colour at:www.pss-a.com)Height versus lengthplot of the rhomb-shaped channel apertures for different etching times in
hydrofluoric acid. The corresponding SEM images are also shown.

Figure 3 Cross-section SEM image of the top of a 5mm thick
cleavedmica layer with nano-channels created after a 1 h etching in
the 10% hydrofluoric acid solution.

! 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-a.com
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mica thickness of 5mm). The expected angle-dependence
taking only geometrical effects into account is also plotted in
Fig. 4b (dashed line) and has a FWHM of only 0.358. Note
that simulating the same geometrical effect but for a rhombus
side of 145 nm allows to fit the experimental data. Since ions
can still be transmitted at angles higher than the ‘‘acceptance
angle’’ of the channels, it can be concluded that a significant
part of the transmitted ions experience one ormore scattering
or channelling processes within the channels [18]. In order to
assess this, we measured the energy of the transmitted ions
at 08 (maximum transmission) and at an angle of 1.78.
The results are plotted in Fig. 4c. For 08 (blue curve) the

maximum energy is at 1MeV whereas for 1.78 (grey curve)
the energy maximum is shifted down to 650 keV. Moreover,
the energy distribution is broader and the total number of
transmitted ions is strongly reduced. The loss of energy
indicates that the ions are scattered at the walls of the
channels or may also ‘‘channel’’ within the tracks. The
energy distribution at 08 is broader than expected. This is
likely due to a nonexact 908 angle between the rotation axis
of the mica foil and the ion beam direction. In the conditions
used in the experiment, the beam divergence is about 0.0118
and can be neglected. Figure 4d gives an estimation of the
angle dependence of the percentage of the transmitted ions
expected to go through the channelswithout losing energy by
scattering or channelling. It shows how precisely the tilt
angle has to be adjusted in order to reduce the ion energy
broadening as much as possible.

Finally, the transmission through the channels at 08 can
be deduced by integrating the curve in Fig. 4d. The mica foil
used has a channel density of 5.7! 108 cm"2, the average
channel cross-section being 805 nm2.We used an ion current
of 720 pA which corresponds to an impinging ion flux of
5.73! 1011 ions # cm"2 # s"1. In these conditions, a rate of
673 ions/s was recorded on the detector. Taking into account
the 100mm diaphragm one finds a transmission of 0.33%.
This is significantly less than the transmission deduced from
counting the number of NV centres produced per implanted
spot. However, we attribute our finding to a misalignement
between the beam and the channels.

In summary, we have demonstrated the creation of NV
centres in diamond by collimated implantation of nitrogen
ions through nano-channels in mica. The nano-channels
have been fabricated by exposing mica foils to swift heavy
ions and subsequent chemical track etching in hydrofluoric
acid. The resulting nano-channels are parallel oriented and

2020 S. Pezzagna et al.: Creation of colour centres in diamond by collimated ion-implantation
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Figure 2 (online colour at:www.pss-a.com)Height versus lengthplot of the rhomb-shaped channel apertures for different etching times in
hydrofluoric acid. The corresponding SEM images are also shown.

Figure 3 Cross-section SEM image of the top of a 5mm thick
cleavedmica layer with nano-channels created after a 1 h etching in
the 10% hydrofluoric acid solution.
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réseau de centres NV
couplés magnétiquement

Créer 
un centre NV 

avec une résolution 
de ~20 nm ?

P.
L.

 [a
.u

.]

14121086420
Free precession time [µs]

temps de cohérence T ?
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mica thickness of 5mm). The expected angle-dependence
taking only geometrical effects into account is also plotted in
Fig. 4b (dashed line) and has a FWHM of only 0.358. Note
that simulating the same geometrical effect but for a rhombus
side of 145 nm allows to fit the experimental data. Since ions
can still be transmitted at angles higher than the ‘‘acceptance
angle’’ of the channels, it can be concluded that a significant
part of the transmitted ions experience one ormore scattering
or channelling processes within the channels [18]. In order to
assess this, we measured the energy of the transmitted ions
at 08 (maximum transmission) and at an angle of 1.78.
The results are plotted in Fig. 4c. For 08 (blue curve) the

maximum energy is at 1MeV whereas for 1.78 (grey curve)
the energy maximum is shifted down to 650 keV. Moreover,
the energy distribution is broader and the total number of
transmitted ions is strongly reduced. The loss of energy
indicates that the ions are scattered at the walls of the
channels or may also ‘‘channel’’ within the tracks. The
energy distribution at 08 is broader than expected. This is
likely due to a nonexact 908 angle between the rotation axis
of the mica foil and the ion beam direction. In the conditions
used in the experiment, the beam divergence is about 0.0118
and can be neglected. Figure 4d gives an estimation of the
angle dependence of the percentage of the transmitted ions
expected to go through the channelswithout losing energy by
scattering or channelling. It shows how precisely the tilt
angle has to be adjusted in order to reduce the ion energy
broadening as much as possible.

Finally, the transmission through the channels at 08 can
be deduced by integrating the curve in Fig. 4d. The mica foil
used has a channel density of 5.7! 108 cm"2, the average
channel cross-section being 805 nm2.We used an ion current
of 720 pA which corresponds to an impinging ion flux of
5.73! 1011 ions # cm"2 # s"1. In these conditions, a rate of
673 ions/s was recorded on the detector. Taking into account
the 100mm diaphragm one finds a transmission of 0.33%.
This is significantly less than the transmission deduced from
counting the number of NV centres produced per implanted
spot. However, we attribute our finding to a misalignement
between the beam and the channels.

In summary, we have demonstrated the creation of NV
centres in diamond by collimated implantation of nitrogen
ions through nano-channels in mica. The nano-channels
have been fabricated by exposing mica foils to swift heavy
ions and subsequent chemical track etching in hydrofluoric
acid. The resulting nano-channels are parallel oriented and
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Figure 2 (online colour at:www.pss-a.com)Height versus lengthplot of the rhomb-shaped channel apertures for different etching times in
hydrofluoric acid. The corresponding SEM images are also shown.

Figure 3 Cross-section SEM image of the top of a 5mm thick
cleavedmica layer with nano-channels created after a 1 h etching in
the 10% hydrofluoric acid solution.
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mica thickness of 5mm). The expected angle-dependence
taking only geometrical effects into account is also plotted in
Fig. 4b (dashed line) and has a FWHM of only 0.358. Note
that simulating the same geometrical effect but for a rhombus
side of 145 nm allows to fit the experimental data. Since ions
can still be transmitted at angles higher than the ‘‘acceptance
angle’’ of the channels, it can be concluded that a significant
part of the transmitted ions experience one ormore scattering
or channelling processes within the channels [18]. In order to
assess this, we measured the energy of the transmitted ions
at 08 (maximum transmission) and at an angle of 1.78.
The results are plotted in Fig. 4c. For 08 (blue curve) the

maximum energy is at 1MeV whereas for 1.78 (grey curve)
the energy maximum is shifted down to 650 keV. Moreover,
the energy distribution is broader and the total number of
transmitted ions is strongly reduced. The loss of energy
indicates that the ions are scattered at the walls of the
channels or may also ‘‘channel’’ within the tracks. The
energy distribution at 08 is broader than expected. This is
likely due to a nonexact 908 angle between the rotation axis
of the mica foil and the ion beam direction. In the conditions
used in the experiment, the beam divergence is about 0.0118
and can be neglected. Figure 4d gives an estimation of the
angle dependence of the percentage of the transmitted ions
expected to go through the channelswithout losing energy by
scattering or channelling. It shows how precisely the tilt
angle has to be adjusted in order to reduce the ion energy
broadening as much as possible.

Finally, the transmission through the channels at 08 can
be deduced by integrating the curve in Fig. 4d. The mica foil
used has a channel density of 5.7! 108 cm"2, the average
channel cross-section being 805 nm2.We used an ion current
of 720 pA which corresponds to an impinging ion flux of
5.73! 1011 ions # cm"2 # s"1. In these conditions, a rate of
673 ions/s was recorded on the detector. Taking into account
the 100mm diaphragm one finds a transmission of 0.33%.
This is significantly less than the transmission deduced from
counting the number of NV centres produced per implanted
spot. However, we attribute our finding to a misalignement
between the beam and the channels.

In summary, we have demonstrated the creation of NV
centres in diamond by collimated implantation of nitrogen
ions through nano-channels in mica. The nano-channels
have been fabricated by exposing mica foils to swift heavy
ions and subsequent chemical track etching in hydrofluoric
acid. The resulting nano-channels are parallel oriented and

2020 S. Pezzagna et al.: Creation of colour centres in diamond by collimated ion-implantation
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Figure 2 (online colour at:www.pss-a.com)Height versus lengthplot of the rhomb-shaped channel apertures for different etching times in
hydrofluoric acid. The corresponding SEM images are also shown.

Figure 3 Cross-section SEM image of the top of a 5mm thick
cleavedmica layer with nano-channels created after a 1 h etching in
the 10% hydrofluoric acid solution.
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Energie des ions et straggling latéral 
Simulation Monte Carlo - Code SRIM  

Une implantation à ± 10 nm requiert  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Figure 3. (a) Plot of the measured yield for NV centre creation as a function of
the energy per nitrogen atom. (b) Number of vacancies created per implanted
15N+ ion as a function of the ion energy (simulated with SRIM). (c) On the left
axis: average depth of the implanted 15N+ ions as a function of the ion energy.
Right axis: longitudinal and transverse ion stragglings as a function of the ion
energy (simulated with SRIM).

It is well known that every implanted ion induces along its path in the crystal a certain
number of vacancies. The probability of obtaining an NV centre from an implanted nitrogen
atom is thus expected to increase with the amount of available vacancies (as long as the crystal
lattice is not too damaged). Using SRIM simulations [23], one can estimate the number of
vacancies and their distribution along the implantation axis. Figure 3(b) shows the number of
created vacancies per ion as a function of the ion energy. The higher the energy, the more
vacancies are created around the substitutional nitrogen atom, giving rise to a higher yield as
shown by the experimental data in figure 3(a).

Moreover, the curve in figure 3(b) shows a similar behaviour, namely a strong slope at low
energy, which becomes smoother at high energy. The yield and number of vacancies appear to
be well correlated. Furthermore, if the two curves are superimposed, they start to diverge for
energies lower than 10 keV. Note that, in this case, the nitrogen atoms and their surrounding

New Journal of Physics 12 (2010) 065017 (http://www.njp.org/)

Precise, implantaIon, requires,
the,use,of,low*energy*ions;,
,
To, facilitate, the, alignment, for,
targeeed,implantaIon,should,be,
used,a,direct*ion=beam.,

S.Pezzagna et al., New J. Phys. 12, 065017 (2010). 
P. Spinicelli et al., New J. Phys. 13, 025014 (2011).
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Figure 4: Implantation through the voids of a PMMA mask. (a)-Scanning electron micro-
scope image of the surface of the PMMA layer, displaying the array of apertures drilled using
electron beam lithography. (b)-Enlarged image of the PMMA layer surface zooming a single
aperture. (c), (d), and (e)-Implantation scheme, with SRIM simulations corresponding to the
20 keV nitrogen irradiation of the PMMA layer and the diamond surface below the voids of
the mask. According to the simulation shown in (d), the ions are fully stopped by the 200 nm
thickness of the PMMA layer. The evaluated straggling is about 9 nm, much smaller than the
diameter of the aperture. (e) Photoluminescence raster scan of the sample after removal of
the PMMA layer, displaying an emission pattern matching the initial array of holes observed
in (a). (f) and (g)- Analysis realized for each spot, corresponding to the determination of
the second-order autocorrelation function associated to the time delay � between consecutive
photon detections, and to the record of the luminescence spectrum allowing identification of
the center as negatively charged NV�. The brighter spots contain more NV defects due to the
random incorporation of the nitrogen atoms in each implantation area.
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Figure 4: Implantation through the voids of a PMMA mask. (a)-Scanning electron micro-
scope image of the surface of the PMMA layer, displaying the array of apertures drilled using
electron beam lithography. (b)-Enlarged image of the PMMA layer surface zooming a single
aperture. (c), (d), and (e)-Implantation scheme, with SRIM simulations corresponding to the
20 keV nitrogen irradiation of the PMMA layer and the diamond surface below the voids of
the mask. According to the simulation shown in (d), the ions are fully stopped by the 200 nm
thickness of the PMMA layer. The evaluated straggling is about 9 nm, much smaller than the
diameter of the aperture. (e) Photoluminescence raster scan of the sample after removal of
the PMMA layer, displaying an emission pattern matching the initial array of holes observed
in (a). (f) and (g)- Analysis realized for each spot, corresponding to the determination of
the second-order autocorrelation function associated to the time delay � between consecutive
photon detections, and to the record of the luminescence spectrum allowing identification of
the center as negatively charged NV�. The brighter spots contain more NV defects due to the
random incorporation of the nitrogen atoms in each implantation area.
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the negatively-charged state NV�. Note that in our case of shallow implantation, the

remaining defects of neutral charge state NV0 could be e⇥ciently transformed into their

counterpart NV� by surface oxidation, as shown in [26, 27].

The number of emitting NV defects in the implanted spots was finally determined

from combined measurements of the depth of the zero-delay dip in the g(2)(�) function,

and of the luminescence intensity compared to the mean level corresponding to a single

NV emitter. The corresponding histogram is shown in figure 3. Since the number

of implanted ions is random, we obtained a broad distribution which can be fitted

by a Poissonian distribution with a mean value equal to 3.5. Since the irradiation

dose corresponds to approximately 50 nitrogen atoms per spot, the conversion yield

of implanted nitrogen ions into NV defects is near 0.07. As expected from the higher

ion energy and from the joint implantation of carbon atoms associated to the the CN�

molecular beam which leads to an increased number of vacancies created around the

implanted atom, this value is more than two times higher than the reported ones for

low-energy nitrogen implantation [16, 28].

In conclusion, we showed that arrays of NV color centers can be reliably produced

by implanting CN� molecules through the 80 nm diameter holes in a PMMA mask

of 200 nm thickness which was deposited on top of a single-crystal diamond sample.

The joint implantation of carbon increased the conversion of the implanted nitrogen
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Figure 2. (a) PL raster scan of the sample, displaying an emission pattern matching
the array of holes drilled in the PMMA layer. (b) and (c)- Analysis realized for each
spot, corresponding to the determination of the second-order autocorrelation function
associated to the time delay � between consecutive photon detections, and to the record
of the luminescence spectrum. The zero-phonon line (⇥ symbol) at 637 nm identified
the center as negatively charged NV�. The signal over background associated to a
single emitter, as observed in the circled spot, was near 4.
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the array of holes drilled in the PMMA layer. (b) and (c)- Analysis realized for each
spot, corresponding to the determination of the second-order autocorrelation function
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of the luminescence spectrum. The zero-phonon line (⇥ symbol) at 637 nm identified
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Solution efficace pour créer un réseau de centres NV 
P. Spinicelli et al., New J. Phys. 13, 025014 (2011)

Défi expérimental: trous de diamètre inférieur à 30 nm 
Voir les résultats récents de Dirk Englund (MIT) 
arXiv:1412.6600 (2015)
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(a) Dual beam used for the ion implantation experiments. (b) Scheme of the nitrogen ion column developed 
by Orsay Physics S.A. and based on a ECR plasma source. (c) Test pattern for the implantation with a 

marking cross (high fluence). (d) Scanning electron microscopy image (tilted) of the implanted diamond 
showing the nitrogen pattern. The high ion fluence induced amorphisation of the diamond.  
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En# utilisant# un# ensemble# développé# par# Orsay# Physics# et# qui# combine# la# colonne# i-FIB# avec# un#microscope#
électronique#à#balayage#à#pointe#FEG#(fig.#5(a)),#nous#avons#pu#montrer#qu’il#est#effectivement#possible#de#créer#
des#centres#NV#au#moyen#de#la#colonne#i-FIB#alimentée#en#gaz#azote#(fig.#5(b)).#Le#résultat#obtenu#a#permis#de#
reproduire# immédiatement#celui#qui#avait#été#obtenu#après# implantation#à#travers# le#masque#de#PMMA#(voir#
fig.#3),#au#moyen#d’une#procédure#technologique#qui#nécessite#de#nombreuses#étapes#de#réalisation.##

#

(b) 2 µm

diamant

FIB   
(molécule N2

+ )

2 µm

NV

(a)

#

Figure'5# :#résultats'préliminaires'd’implantation.# (a)-Dispositif#utilisé#pour# les#tests.#La#colonne#i-FIB#visible#
sur# l’arrière# est# combinée# à# un# microscope# électronique# FERA3# –# TESCAN.# La# colonne# d’ions# permet#
d’implanter#des#molécules#N2

+#avec#une#énergie#de#30#keV.#Les#molécule#se#dissocient#lorsqu’elles#pénètrent#
dans#l’échantillon#et#l’énergie#d’implantation#par#atome#est#de#15#keV.#Ce#qui#correspond#à#une#implantation#
à# une# profondeur# de# 30±10# nm# avec# une# dispersion# latérale# de# l’ordre# de# 9# nm.# (b)-Image# en#
photoluminescence#d’un#réseau#de#centres#NV#obtenus#après#implantation#dans#un#échantillon#de#diamant#
monocristallin# ultra-pur# et# recuit.# Chaque# spot# correspond# approximativement# à# 5# centres# colorés# NV,# le#
nombre# de# centres# créés# étant# déterminés# par# la# dose# utilisée# lors# du# test# (courant# de# 0.3# pA# et# durée#
d’irradiation#de#300#µs#par#spot).#La#résolution#spatiale#de# l’implantation#est#donnée#par# la# focalisation#du#
faisceau#d’ions#au#niveau#de#l’échantillon,#estimée#à#environ#100#nm#dans#cette#expérience#préliminaire.##

#

La#colonne#i-FIB#est#également#bien#adaptée#pour#microstructurer#une#couche#de#diamant.#Grâce#à#l’utilisation#
d’ions#xénon#à#des#courants#élevés#(de#l’ordre#du#micro-ampère),#la#gravure#s’effectue#à#une#vitesse#nettement#
plus#élevée#qu’avec#un#FIB#à#ions#gallium,#sans#dégradation#notable#de#la#résolution#indiquée#précédemment.#
Des#premiers# essais# dans#une# couche#de#diamant#mono-cristallin,# avec# l’etching#de# cercles# concentriques#de#
profondeur# croissante# indiquent# qu’il# sera# possible# de# réaliser# une# micro-lentille# de# type# SIL# ou# d’autres#
microstructures#(fig.#6).#A#noter#que#les#ions#de#gaz#rare#utilisés#avec#la#colonne#i-FIB#induiront#également#une#
plus#faible#contamination#dans#l’échantillon#que#celle#générée#par#l’usinage#avec#les#ions#gallium.##

#

Pierre Sudraud
(1944-2015)

Contrairement& 
aux&FIB&“classiques”&
(gallium),&peut&
fonc4onner&avec&
une&grande&variété&
de&gaz&:&
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Luminescence scan of a diamond surface implanted with a focused beam of 14N2+ ions. The inset shows a 
closer view of the array of NV centres and the emission spectrum of one of the implanted spots.  
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Résolution de l’implantation par GSDFor Peer Review
  

 

 

Estimation of the ion beam focus. (a) and (b) Confocal scans of, respectively, a shallow implanted single NV 
centre and a focused implantation spot corresponding to a 300 µs dwell time, with the relative 

autocorrelation function (normalised raw data). The laser excitation power is 75µW in order to keep the NV 
centres below saturation. (c) Ion beam focus determined for the nine implanted spots shown into the inset 
(fluence of 1000 µs dwell time) and determined by 2D deconvolution using the confocal scan of the single 
NV as point spread function of the confocal setup. (d) and (e) GSD scans of, respectively, the same single 

NV and implantation spot as in (a) and (b). The laser excitation power is 50 mW. (f) Deduced positions 
(from (e)) of the implanted NVs. (g) GSD image reconstructed by convolving the matrix (f) and the 

experimental PSF (d).  
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E. Rittweger et al. Eur. Phys. Lett. 86, 14001 (2009)

E. Rittweger et al.

transiently shelving the fluorophore in its metastable dark
triplet state T1. To this end, the excitation from the
ground state S0→ S1 is strongly saturated so that the
fluorophore is caught in the T1 via a non-radiative S1→T1
crossing. Confined to ∆r, the ground state fluorophores
are read out by a co-aligned excitation beam that is
regularly focused to the doughnut center. Scanning the
co-aligned beams yields an image with resolution ∆r, like
in STED microscopy.
In saturated pattern excitation (SPEM) [11] or satu-

rated structured illumination microscopy (SSIM) [12], the
ground state S0 is also depleted by a saturated excitation,
but contrary to the previous scheme, the fluorescence
generated by this very same transition is recorded.
Performed by an array of line-shaped intensity maxima
and minima (rather than a doughnut), the saturated
excitation at λ yields narrow line-shaped dark regions of
dimension ∆r which are steeply surrounded by a fluores-
cence signal giving a “negative” imprint of the features
to be imaged. Unlike in STED and GSD microscopy,
the final image has to be retrieved mathematically, after
turning and scanning the line-array in other directions as
well. In SPEM or SSIM, it is the “off” rather than the
“on” state that is confined to ∆r in space.
Other related concepts utilize the temporal dynamics of

the saturated S0→ S1 transition [13] or extract the super-
resolution information from the higher harmonics gener-
ated by a temporally modulated excitation beam [14].
Switching the fluorophores to the triplet state (S0→ S1→
T1) and recording the position of individually returning
molecules to the S0 enabled a simple far-field fluorescence
nanoscopy, called GSDIM [15].
In any case, the essential element of all these concepts

is the depletion of the ground state, because the final
state elicited by the excitation beam may be multiple or
unknown. Moreover, once excited, the fluorophores may be
raised to even higher states initiating photobleaching. In
fact, photobleaching is the actual challenge of any concept
relying on GSD [10,12]. Conversely, as we shall show in this
paper, if bleaching reactions are almost absent, GSD offers
elegant implementations of far-field optical nanoscopy.
A fluorescent system with negligible photobleaching is

presented by NV color centers in diamond [16,17]. Consist-
ing of a charged vacancy next to an impurity nitrogen, and
providing optically detectable and orientable spin states,
these defects are of great interest because they hold great
promise for magnetic imaging [18–20], quantum crypto-
graphy [21], and computation [22]. While switching off
these centers by STED has enabled their nanoscale
imaging [23], here we demonstrate two GSD alternatives
implemented with doughnut-shaped focal beams: a
single beam “negative” modality requiring mathematical
processing and a two-beam counterpart directly providing
nanoscale resolution.

Results and discussion. – NV centers in diamond
form a molecular-like electronic system with a triplet

Fig. 1: Ground state depletion of a single nitrogen vacancy
(NV) center. a) Energy diagram of a NV center in diamond
(inset) with the triplet ground state 3A, the fluorescent state
3E, and the dark singlet state 1E. b) Confocal microscope with
red detection and green (532 nm) excitation path merged by
a dichroic mirror (DM1). A helical phase ramp converts the
focal Airy disk of the excitation beam (upper small panel)
into a doughnut (lower panel). While the “negative” GSD
modality uses only the doughnut, the direct GSD counterpart
uses the Airy disk of a normally focused co-aligned second
beam (561 nm) to probe the ground state fluorophores at the
doughnut center. Images are obtained by scanning the sample
with respect to the beams. c) Excitation (EXC) with intensities
I much beyond the saturation intensity Is (semilogarithmic
inset plot) renders a steep onset of fluorescence emission (EM)
η(I), acting like a switch.

ground state 3A, an excited fluorescent state 3E of τfl =
11.6 ns lifetime, and a dark singlet state 1E (fig. 1a).
The centers can be optically excited at λ= 532 nm with
a cross-section σ≈ 10−16 cm2, which is then followed
by fluorescence in the 600–850 nm range [17,24]. With
h denoting Planck’s constant and c the vacuum speed
of light, the estimated Is = hc/(λστfl) for the 3A→3 E
excitation transition is a few hundred kW/cm2. This
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is easily achieved by focusing a cw beam with a high-
aperture lens. For I < 30Is the centers are known to resist
photobleaching [25], but for I > 30Is photobleaching is still
uncharted.
Therefore, we set up a confocal microscope featuring an

oil immersion lens of α= 75◦ (1.46 NA, Leica Microsys-
tems, Wetzlar, Germany), focusing a λ= 532 nm cw laser
beam (Verdi, Coherent Inc., Santa Clara, CA, USA) into
a type-IIa diamond grown by chemical vapor deposition.
To minimize the background, we replaced the immersion
oil with 2, 2′-thiodiethanol (TDE) with a 2% water frac-
tion [26]. The fluorescence was collected by the same lens
and detected after passing a dichroic filter and a confocal
pinhole of 0.3 Airy disks of the emitted light. The diamond
was mounted on a 3D-piezo scanning stage with a position
accuracy of 0.1 nm and a linearity of 0.03%.
Figure 1c shows the normalized fluorescence η(I) of the

same NV center for 0< I < 224MW/cm2, exceeding the
estimated Is by 1000-fold. As a result, η(I) exhibits a
steep onset and a plateau due to the depletion of the
3A. η(I) = 0.5 is obtained for Is = 110 kW/cm2± 20%.
For I < 3Is, η(I) = 1− 1/(1+ I/Is) as expected from a
saturated transition that is competed by a spontaneous
transition in reverse. For I > 1000Is the NV centers spend
only < 0.1% of their time in the ground state, yet they
are photostable. The plateau of η(I) is slightly modulated
due to intensity-dependent rates to one or more dark
states [24], but the decisive factor is that the centers can
be steeply switched on by light. Hence, applying an I(r)
with a local zero, such as a doughnut or a standing wave,
provides a steep gradient between the off- and on-states
in space.
To improve the resolution in all directions in the focal

plane, we produced a doughnut-shaped I(r) with crest
intensity Im and a central minimum ϵ Im that is ideally
zero (ϵ< 0.01) [27]. The minimum was co-aligned with
the confocal detection path. Applying Im≫ Is increases
the absolute values of I(r) throughout the focal region.
Wherever I(r)> 3Is, the NV centers are close to the
maximum fluorescence, whereas in the region close to
the minimum they remain dark. The effective point
spread function (PSF) of this imaging modality is given
by heff(r, Im) = hdet(r)η(I(r)), with the detection PSF
hdet(r)! 1 describing the imaging onto the confocal
pinhole. For the calculation of ∆r under the relevant
Im > 10Is conditions, the confocality can be ignored
and heff(r, Im)≈ η(I(r))≈ 1− 1/(1+ I(r)/Is). Moreover,
in this case, only the first-order approximation of the
minimum matters: I(r)≈ Im[ϵ+(2βπn/λ)2r2] [7,8,27].
0< β < 1 depends on the aperture angle α and β quanti-
fies the steepness of the minimum; in a flat standing wave
β = 1. Practical β also depends on the perfection of the
doughnut implementation. The FWHM of heff(r, Im) is
then calculated [28,29] as

∆r∼= λ(βπn)−1
√
ϵ+ Is/Im (2)

Fig. 2: Effective point spread function (PSF) of the “negative”
GSD modality probed by single color centers. a) Increasing
Im/Is = ζ renders PSFs with decreasing dark central area ∆r;
b) normalized line profiles through the PSFs; c) ∆r scales in
agreement with eq. (2). The minimum depth ϵ= 0.004 obtained
in this experiment allows a resolution of 12 nm≈ λ/44. Scale
bar in a) is 150 nm.

which also quantifies the attainable resolution, as well as
the spatial extent over which the centers change their state
from “on” to “off”. ∆r decreases inversely with

√
Im/Is

but reaches its smallest value given by the relative depth of
the minimum ϵ. Still, for ϵ= 0 and Im/Is→∞, it follows
∆r→ 0.
To test eq. (2) we recorded the images (fig. 2) of single

NV centers, i.e. heff(r, Im) as a function of Im/Is = ζ. The
extent ∆r of the central region in which the NV centers
remain in the ground state scales down with increasing
Im/Is. The profiles through these effective PSFs also high-
light the limiting role of ϵ. The profiles for Im/Is =160,
300, and 670 enabled us to extract ϵ= 0.004. Measur-
ing the fluorescence of a single defect excited with an
intensity in the linear regime inside the crystal (n= 2.42)
gave β = 0.35 for the doughnut minimum. Fitting the
measured ∆r with eq. (2) exhibits an excellent agreement
between the equation and the experiment. The narrowest
PSF features ∆r= 15nm≈ λ/35.
Next we imaged densely packed NV centers located
≈ 5 microns below the crystal surface using Im/Is = 160
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Estimation of the ion beam focus. (a) and (b) Confocal scans of, respectively, a shallow implanted single NV 
centre and a focused implantation spot corresponding to a 300 µs dwell time, with the relative 

autocorrelation function (normalised raw data). The laser excitation power is 75µW in order to keep the NV 
centres below saturation. (c) Ion beam focus determined for the nine implanted spots shown into the inset 
(fluence of 1000 µs dwell time) and determined by 2D deconvolution using the confocal scan of the single 
NV as point spread function of the confocal setup. (d) and (e) GSD scans of, respectively, the same single 

NV and implantation spot as in (a) and (b). The laser excitation power is 50 mW. (f) Deduced positions 
(from (e)) of the implanted NVs. (g) GSD image reconstructed by convolving the matrix (f) and the 

experimental PSF (d).  
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mica thickness of 5mm). The expected angle-dependence
taking only geometrical effects into account is also plotted in
Fig. 4b (dashed line) and has a FWHM of only 0.358. Note
that simulating the same geometrical effect but for a rhombus
side of 145 nm allows to fit the experimental data. Since ions
can still be transmitted at angles higher than the ‘‘acceptance
angle’’ of the channels, it can be concluded that a significant
part of the transmitted ions experience one ormore scattering
or channelling processes within the channels [18]. In order to
assess this, we measured the energy of the transmitted ions
at 08 (maximum transmission) and at an angle of 1.78.
The results are plotted in Fig. 4c. For 08 (blue curve) the

maximum energy is at 1MeV whereas for 1.78 (grey curve)
the energy maximum is shifted down to 650 keV. Moreover,
the energy distribution is broader and the total number of
transmitted ions is strongly reduced. The loss of energy
indicates that the ions are scattered at the walls of the
channels or may also ‘‘channel’’ within the tracks. The
energy distribution at 08 is broader than expected. This is
likely due to a nonexact 908 angle between the rotation axis
of the mica foil and the ion beam direction. In the conditions
used in the experiment, the beam divergence is about 0.0118
and can be neglected. Figure 4d gives an estimation of the
angle dependence of the percentage of the transmitted ions
expected to go through the channelswithout losing energy by
scattering or channelling. It shows how precisely the tilt
angle has to be adjusted in order to reduce the ion energy
broadening as much as possible.

Finally, the transmission through the channels at 08 can
be deduced by integrating the curve in Fig. 4d. The mica foil
used has a channel density of 5.7! 108 cm"2, the average
channel cross-section being 805 nm2.We used an ion current
of 720 pA which corresponds to an impinging ion flux of
5.73! 1011 ions # cm"2 # s"1. In these conditions, a rate of
673 ions/s was recorded on the detector. Taking into account
the 100mm diaphragm one finds a transmission of 0.33%.
This is significantly less than the transmission deduced from
counting the number of NV centres produced per implanted
spot. However, we attribute our finding to a misalignement
between the beam and the channels.

In summary, we have demonstrated the creation of NV
centres in diamond by collimated implantation of nitrogen
ions through nano-channels in mica. The nano-channels
have been fabricated by exposing mica foils to swift heavy
ions and subsequent chemical track etching in hydrofluoric
acid. The resulting nano-channels are parallel oriented and
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Figure 2 (online colour at:www.pss-a.com)Height versus lengthplot of the rhomb-shaped channel apertures for different etching times in
hydrofluoric acid. The corresponding SEM images are also shown.

Figure 3 Cross-section SEM image of the top of a 5mm thick
cleavedmica layer with nano-channels created after a 1 h etching in
the 10% hydrofluoric acid solution.
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the energy distribution is broader and the total number of
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energy distribution at 08 is broader than expected. This is
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expected to go through the channelswithout losing energy by
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angle has to be adjusted in order to reduce the ion energy
broadening as much as possible.
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Conclusion

• Ces applications progressent avec un contrôle de plus en plus 
poussé du matériau, à l’échelle nanométrique 

• D’autres défauts ponctuels des solides sont actuellement 
(re)découverts comme “systèmes quantiques élémentaires” 
Par exemple : les lacunes dans SiC 

• Le centre NV du diamant a conduit à de très nombreuses 
applications au cours des dernières années :

- Qubit de spin pour l’information quantique
- Source de photon unique
- Sonde de champ magnétique, de E, de T, pour la biologie…
- Développement de systèmes hybrides par couplage à des 

résonateurs mécaniques ou à des qubits supraconducteurs

Kubo et al., Phys. Rev. Lett. 107, 220501 (2011) 
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