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What is a quantum sensor? 
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C. L. Degen, F. Reinhard, and P. Cappellaro, Rev. Mod. Phys. 89, 035002 (2017)

1. Probe: controllable quantum system with quantized energy levels  
Neutral atoms, electronic/nuclear spins, superconducting qubits

2. Information on physical quantity: encoded in energy levels 
Readout e.g. through measurements of Bohr frequencies

3. Sensitivity: use of quantum coherence 
Measurement of phase shift in temporal superposition states

4. Quantum entanglement: improve the measurement sensitivity, 
beyond what is possible classically.

single 
qubit	
or	

incoherent	
ensemble	
of qubits

more than 
one qubit

Many concepts are well known, resulting from decades of developments  
in high-resolution spectroscopy: atomic physics, magnetic resonance 



Hanle effect (Claude Cohen-Tannoudji CDF 2003-2004) 
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B0 ̂z

Etat fondamental de l’atome de Rb 
  et  

 largeur de la résonance  
soit 

Γf ≈ 1 s−1 ωL ≈ 1 MHz ⋅ Gauss−1

→ δωL ≈ Γf
δB0 ≈ 10−6 Gauss

J. Dupont-Roc, S. Haroche et C. Cohen-Tannoudji, Phys. Lett. 28A, 638 (1969) 

 !200 fT

transition J = 0 → J = 1  excitation vers [J = 1,M = 1⟩x

 fluorescence  diffusée selon  :  σ+ y S(t) ∝ (1 + sin ωLt)2e−Γt

 ωL /Γ

 Γ
∫∞ 0

S(
t)d

t



4Could similar methods be implemented using solid-state quantum systems? 

Atomic magnetometry 
Today’s sensitivity	

of atomic magnetometers 	
≈ fT/ Hz

magnetoencephalography



Point defects in crystals (Nevill Mott) 
Perfect crystal	

Translational symmetry.	
The electron moves in the average field of other 

electrons and nuclei	
 Bloch states delocalized on the whole crystal →

Localized vacancy	
Symmetry reduced to reflections and rotations. 	

Unpaired electrons  dangling bonds	
 state localized on the vacancy, discrete energy levels	

Electronic spin, coupling to nuclear spins

→
→

A point defect is an artificial molecule in the solid state	
Example: The Nitrogen-Vacancy (NV) center in diamond	

Jörg Wrachtrup (1997) 5



NV center in diamond: a solid-state atomic-like system 
Atomic-like energy levels within the 5 eV diamond bandgap  

Electronic ground state is a spin triplet S = 1

mS = 0

mS = ±1

mS = ±1
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13.4 ns singlets
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NV center : magnetometer 	
of atomic size with sensitivity 	

to static magnetic field of   	
 myriad of applications!

10−6 T
→
Review: L. Rondin et al., 	

Rep. Prog. Phys. 77, 056503 (2014)

luminescence



Widefield magnetic imaging using NV centers
also called “Quantum diamond magnetometry”
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[100] diamond
NV layer

bandpass
filter

CMOS camera

2700 2750 2800 2850 2900 2950 3000

N
or

m
al

iz
ed

PL

Frequency (MHz)
3050

0.98

1.00

0.99

a

b

c

x

z

y

𝑩𝒂

x

z

y

CMOS
camera

objective

bandpass filter

MW 
antenna

laser 
excitation

(100) 
diamond
crystal

NV layer

magnetic micromagnets

lens

Figure 1: (a) NV color center in diamond (black circle: carbon atom; blue circle: vacancy;
white circle: nitrogen atom) used as an atomic-like magnetic sensor. Each NV center has an
intrinsic quantization axis defined by the vector from the nitrogen impurity to the vacancy.
This NV axis has then four possible directions in a diamond crystal with (100) orientation
along the z vertical axis. (b) Optically detected spin resonance signal measured with an
ensemble of NV centers. The four pairs of peaks, represented by the set of colors, are linked
to the projections of the applied magnetic field ~Ba (Ba,x = �1.4mT ;Ba,y = �6.2mT ;Ba,z =
�0.5 mT ) on the different orientations of the NV axis that are shown in (a). (c) Setup
for wide-field NV magnetometry. Inset: optical microscopy image showing the micromagnet
array. The square shapes have a 110 µm side.
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Application : aimantation de plots de permalloy 8
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4 correlated measurements  

M. Chipaux et al. Eur. Phys. J. D 69, 166 (2015)
→ (Bx, By, Bz)

Ensembles de centres NV = magnétomètre vectoriel 7
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each pixel records a snapshot of ESR spectra 
with the four NV orientations in the (110) crystal

Optically-based magnetic field mapping

square = micromagnet



Microscale measurement of magnetizationApplication : aimantation de plots de permalloy 9
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Signal for  ≡ sensitivity of commercial SQUID	
L. Toraille et al., Nano Letters 18, 7635 (2018)

d ≈ 20 μm

	
	

distance NV-sample : 	

104 NVs/μm−2

Ba = 6.3 mT
d = 19.5 μm

M = (8 ± 2) × 10−4 A/m
equivalent to  10−7 emu ≈ 1013 μB



What can we measure with NV centers?

optical pumping 
532 nm

luminescence

microwave 
2.87 GHz

10

Magnetic field

Temperature

Stress tensor

B

T

σ

ESR Nearby spins
NMR

a Acceleration

ℋNV = DS2
z + gμBB ⋅ S + S ⋅ 𝒜 ⋅ I



NV center sensing modalities
Temperature Electronic spins Nuclear spins

and a few  
more!

superconductivity detection of ions, ROS 
using spin relaxometry

τ

τ

lu
m

in
es

ce
nc

e

charge state conversion 
voltage sensinghigh pressure

11



Optically accessible spin centers: More and more systems!

Diamond Silicon carbide 2D: hexagonal 
boron nitride Molecular systemsGallium Nitride 

(and AlN, silicon)
C

N
V

nitrogen 
vacancy 

NV center

Wrachtrup et al., 
Science (1997)

Li et al.,  
Nat. Sci. Rev. 

(2022)

VSiVC 
in 4H-SiC

C-related 
defect (?)

Stern et al.,  
Nat. Mat.  
(2024)

Two different 
species (?)

Luo et al.,  
Nat. Mat.  
(2024)

pentacene in 
para-terphenyl

Mena et al.,  
Phys. Rev. Lett.  

(2024)

EYFP 
protein

Feder et al.,  
Nature 
(2025)

12



Sensitivity of ODMR-based sensors 

Shotnoise limit:  η ∝
1
γ

×
1
C

×
1

N × T′￼

  : gyrometric ratioγ

  : readout fidelity (ODMR contrast)C

  : number of spins (NV centers)N

  : interrogation time (spin dephasing time )T′￼ T*2

Budker & Kimball, Optical Magnetometry 	
(Cambridge University Press, 2013)

Improvement strategies: 
1) “Quantum-grade” diamond optimizing 
2) Improving light extraction ( )   

- Nanostructure fabrication  
- Micro and nanoscale optical lenses

3) Electrical detection of the NV resonance 

T*2
ndiamond = 2.4

13



“Quantum-grade” diamond:  Spin dephasing time  T*2

14

laser

MW lecture de 
l'état de spin

initialisation MW

τ π
2

|0edans

π
2

12C enriched 

[13C] ≈ 0.1 %

HPHT CVD

nitrogen	
electronic spins 	

 [N] ≈ 100 ppm

 nuclear spins	13C
[13C] ≈ 1.1 % [NV] ≈ 3 ppm T*2 ≈ 3 μs



Low-dimensional nanostructures 

Kim et al., Advanced Photonics 7, 064002 (2025) 15

BiFeO3

Vincent Jacques (L2C, Montpellier)	
see e.g. Nature 549, 242 (2017)
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Electrospray

Huan-Chen Chang 	
(Academia Sinica, Taiwan) 

Thermal mapping with NV-doped nanodiamonds 
Homogeneous resin

Developed with Denis Rochais & Loïc Toraille (CEA-DAM) 	
Léonie Evanno, Melissa Techer et al., in preparation

Heterogeneous carbon foam



Improvement of collection efficiency using optics with high NA

Kim et al., Advanced Photonics 7, 064002 (2025) 17



How to make engineered nanostructure devices from diamond? 

Silicon wafer with thin film 	
for photonic waveguide

silicon photonic wire waveguide

Bulk diamond single-crystal chips 	
to suspended membranes	

for nanostructuring

M. Loncar (Harvard), D. Englund (MIT), P. Barclay  (Calgary), … 18



Diamond micropillars 
Fabrication using ICP	

on a single-crystal diamond wafer 	
X. Checoury (C2N)	

Project SINFONIA (PEPR Quantique)	
& EquipEx+ e-Diamant

19



The real NV center:    NV− ⇆ NV0 (+ N)

The photoinduced conversion rate  is spin dependent. 
Provides the basis for the electrical detection of the spin resonance. 

NV− → NV0

20



Photoconductive detection of the NV spin resonance

G. Villaret et al., Appl. Phys. Lett. 122, 194001 (2023) 21



Superconductivity at high pressure
year

2015: sulfur hydride  
 

predicted and observed
SH3

TC = 200 K at 150 GPa

2019: lanthanum hydride  
 LaH10

TC = 260 K at 200 GPa

2025: systematic computational 
study of binary super-hydrides 

Evidence for SC  compounds≈ 10

diamond anvil cell (DAC)

metal 
gasket

anvil

anvil

Super-hydrides: 
Synthesis at high pressure 

using laser heating of 
NH3BH3 + metal (uranium)

synchrotron  
X-ray diffraction

optical probe 
infrared  
visible 
X-ray

1996: record of critical 
temperature  

for cuprate Hg-1223 
at pressure 30 GPa

TC = 165 K



In-situ optical detection of the Meissner effect using NV-enabled anvils

expulsion of a static 
magnetic field

T > Tc

⃗B

T < Tc



J.Meijer, APL 87, (2005)

Implantation 
of nitrogen 

atoms + 
creation of 
vacancies

Annealing 
800°C - 2h

leads to creation 
of NV centers

ultrapure
single-crystal 
diamond layer

ultrapure
single-crystal 
diamond layer

Martin 
Schmidt

Design of NV centers in ultra-pure diamond anvils	
using FIB nitrogen implantation

enclume

(a) (b)

SEM
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Image SEM Luminescence NV

(e)

Luminescence NVImage SEM

(f)
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SEM

Sample

chamber

Lesik et al., Physica Status Solidi A (2013)

 System developed in collaboration with TESCAN ORSAY 
which is now a commercial product



Hsieh et al., Science 366, 1349 (2019)  
Norman Yao (Berkeley  Harvard) 

Raymond Jeanloz (Berkeley)
→

Lesik et al., Science 366, 1359 (2019) 
Our team (ENS Paris-Saclay & Thales) 

Paul Loubeyre’s team (CEA-DAM)

Yip et al., Science 366, 1355 (2019) 
Sen Yang (CUHK  HKUST) 

Swee Goh (CUHK)
→

Superconductivity (up to 7 GPa)

(c) (d)

(a) (b)BaFe2(As0.59P0.41)2

MgB2

Proof-of-concept experiments (2019)

Magnetism (up to 30 GPa)
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Fig. 3. Observation of the ↵ � ✏ transition of iron associated to (bcc) and (hcp) crystal

structures. (A) Evolution of the bead magnetization inferred at each pressure. The data taken

during the pressure increase is shown by blue dots while the data taken during the pressure re-

lease is shown by red dots. The shaded area shows the uncertainty interval on the magnetization

value during the pressure increase. The dotted lines are simple guides to the eye. (B) Evolution

of the amplitude of the magnetic field created by the iron bead. The mask shown in black is

associated to the criteria set on the ODMR contrast.
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What causes the deterioration of the ’NV Meissner signal’ at high pressures?
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Is it possible to maintain the NV signal at pressures above 40-50 GPa?

Is there a pressure limit for NV magnetic sensing?



Competition between compression 
and surface tension at the anvil tip
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➡ At high pressure, the stress in the anvil tip is compressive,  
but anisotropic due to anvil cupping
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The anvil tip is in a stressed environment
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ĤNV = D ̂SZ
2

+ γNV
⃗B ⋅ ⃗S + Ĥ( σ ) ➡ Perfect fit with α ≃ 0.56

•The NV centers are not in the sample space, 
Rather they are located  beneath 
the anvil surface

≈ 20 nm

➡Is there a way to mitigate the non-hydrostatic stress ?

Excited triplet states

Metastable singlet states

ISC

MWGround triplet states

Elements relevant
to ODMR contrast
at high-pressure:

Good understanding

Partial understanding

No satisfactory model yet

•Model of the stress tensor at the anvil tip:

σ = (
αP 0 0
0 αP 0
0 0 P) α < 1

Related work: K. O. Ho et al,  
Phys. Rev. Appl. 19, 044091 (2023) 

Stress environment in the anvil tip: Model
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Idea : isolate part of the anvil surface, 
and immerse it into the PTM

Non-hydrostatic stress occurs due to the competition 
between compression and surface tension

milling 
with FIB 

(or fs-laser)
Anvil

micro-
structuration

40 µm 5 µm

(a) (b)

Anvil

micro-
structuration

5 µm

Control of the stress environment by microstructuration
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•Fit yields reduced anisotropic stress, α ≃ 0.96

•Magnetic sensing behavior remains unchanged to  
130 GPa, there is no longer a pressure limit

•Confirmed in microdiamonds 
by Dai et al., Chinese Physics 
Letter (2022)

A. Hilberer et al., Phys. Rev. B 107, L222102 (2023)

•Complementary approach : -oriented anvil 
under uniaxial strain

[111]

Norman Yao et al. (Harvard)	
arXiv:2306.03122 (05 June 2023)	
Nature 627, 73-79 (2024)

Jiangfeng Du et al. (CAS, Hefei)	
arXiv:2306.07840 (13 June 2023)	
Nat. Commun. 15, 8843 (2024)

NV magnetic sensing under hydrostatic environment



expulsion of  
a static 

magnetic field 
for  T < TC
→ χm < 0

SC

Probes of high-pressure superconductivity

Background negligible

Compatibility with 
X-ray analysis

portable system  
on a synchrotron beamline 

Toraille, et al, New J Phys (2020)

stray magnetic field produced by  
magnetization < 10−10 emu

DAC

NV centers

standard

four orientations of the NV centers existing
in a 100-oriented diamond (21).
The energy levels of a given NV center are

modified by the magnetic field and by the
strain field existing in the anvil. The combi-
nation of these two perturbations results in
both a shift and a splitting of the MW reso-
nance frequency (22). As illustrated in Fig. 1B,
the hydrostatic component of the strain shifts
the resonance frequency, whereas its non-
hydrostatic component and themagnetic field
both split the resonance around its center
frequency. Extracting the magnetic field cre-
ated by the iron bead magnetization from
these resonances recorded at high pressure
requires taking into account the competing
effects of the magnetic field and the strain
field, which add quadratically (23). A typical
spectrum obtained in the experiment is shown
in Fig. 1C. To first order, the effect of the
magnetic field is proportional to its longitu-
dinal component along the N-V axis; this
leads to a spectrum consisting of four double
resonances linked to the four NV orienta-
tions. A map of the measured raw frequency
splittings in an area surrounding an iron bead
(red square in the sample image in Fig. 2) is
shown for each family of NV centers at the pres-
sure of 24 GPa (color plots in Fig. 2). The split-
ting induced by the iron bead magnetization
is on the order of a few megahertz, which can
be resolved over the splitting induced by B0.
Even before any data analysis, such images
can be recorded live during the experiment,
providing direct evidence of pressure-induced
modifications of the magnetic properties. This
optical mapping has a resolution of ~1 mm,

Lesik et al., Science 366, 1359–1362 (2019) 13 December 2019 2 of 4

Fig. 1. Implementation of NV magnetometry in a
DAC. (A) Scheme of the DAC setup. A 250-mm-wide
disk of NV centers was implanted in the 300-mm-wide
culet of one of the two anvils shown in blue. A rhenium
gasket (in gray) enclosed the sample and a ruby
pressure gauge. A single-loop wire was placed on the
gasket to generate the microwave excitation. A green
laser with 532-nm wavelength was used to excite the
red luminescence of the NV centers. The electron spin
resonance was detected through its effect on the
luminescence by imaging the layer of NV centers on a
camera. (B) Electronic structure of the NV center
ground state with the modification of the energy levels
induced by the strain in the anvil and the magnetic
field. Hydrostatic compression shifts the resonance by
d, whereas nonhydrostatic strain splits the resonance
into two components with a frequency splitting of 2Dstr.
The additional influence of the applied magnetic field
leads to a total frequency splitting of 2D. (C) Typical
resonance spectra recorded with an ensemble of NV
centers. In the absence of any perturbation, the
spectrum consists of a single resonance at D = 2.87
GHz. The combination of the strain with the projections
of the magnetic field on the four NV orientations in
the crystal leads to eight resonance peaks.

Fig. 2. Frequency splittings
associated with the mag-
netization of an iron bead.
The center image shows the
iron samples inside the
gasket. The four color plots
show the maps of frequency
splittings at 24 GPa for the
four NV orientations across
the region surrounding an
iron bead (red square in the
center image). For each NV
orientation, the N atom is
shown in blue, the vacancy V
is shown in white, and the
carbon atoms of the lattice
are shown in black. The
splittings combine the effect
of nonhydrostatic strain in
the anvil, the applied
magnetic field, and the stray
magnetic field created by the
bead magnetization. a, b,
and g are reference axes
linked to the anvil used to
identify the four NV orienta-
tions. The dotted lines indi-
cate the orientation of the
anvil surface.

RESEARCH | REPORT

on D
ecem

ber 12, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

Lesik et al, Science (2019)

detected signal  
sensitivity

Spatial resolution ≈ μm
Dailledouze et al, Phys Rev Mat (2025)

Pressure range
 in hydrostatic stress 

Hilberer et al, Phys Rev B (2023) 
current record 240 GPa (with [111] anvil)

≈ 150 GPa

specific 
miniaturization

SQUID

magnetization 
≈ 10−8 emu

> 200 GPa

≈ 104

no

no

× SC signal



Maturation des capteurs quantiques à centres NV
arxiv:2511.11791 (15 November 2025)

Dec. 2025

bande d’analyse  
de 5 GHz
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B(x) = B0 + b′￼x
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