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High-pressure superconductivity
 record of critical temperature ! TC

PROJET DE THÈSE : SUPRACONDUCTIVITÉ À HAUTE PRESSION

�8

CELLULES À ENCLUME DE DIAMANT

• Pressions jusqu’à plus de 300 GPa 
(collaboration groupe P. Loubeyre, 
CEA-DAM) , mais …

• Détection de supraconductivité 
induite par la pression délicate :

AUDITION EDOM 2019 - ANTOINE HILBERER 03/06/2019

▸ résistivité (électrodes)
▸ diamagnétisme (SQUID)
▸ indirect (XRD, XMCD)
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High-pressure experiments 3 
Ø  Hardest	material	
Ø  Least	compressible	
Ø  Transparent	to	most	of	the	spectrum	of	

of	 electromagne?c	 radia?on,	 including	
g-ray,	 X-ray,	 por?ons	 of	 ultraviolet,	
visible,	and	most	of	the	infrared	region	

Ø  Inert	
Ø  …	



Superconductivity of hydrides
H3S:	A.	P.	Drozdov	,	M.	I.	Eremets	et	al.,	Nature	52	,73	(2015)	
CSHx:	group	of	R.	Dias,	Nature	586,	373	(2020)	

155GPa 

Isotope effect 

Highest-Tc superconductors  

3-5 µm 

Nature (2015) 

isotope shift of Tc in sulfur deuteride           electron–phonon mechanism of superconductivity 

Technical tour de force 

Features	of	the	experimental	data	indicate	
that	the	phenomenon	observed	in	that	
material	is	not	superconducNvity.	This	

observaNon	calls	into	quesNon	earlier	similar	
claims	of	high	temperature	convenNonal	
superconducNvity	in	hydrides	under	high	

pressure	based	on	similar	or	weaker	evidence.			
It	even	casts	doubts	on	the	previous	

experiments	on	H3S	and	LaH10!
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Absence of high temperature superconductivity in hydrides under pressure

J. E. Hirscha and F. Marsigliob
aDepartment of Physics, University of California, San Diego, La Jolla, CA 92093-0319
bDepartment of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1

The long-sought goal of room temperature superconductivity has reportedly recently been realized
in a carbonaceous sulfur hydride compound under high pressure, as reported by Snider et al [1]. The
evidence presented in that paper is stronger than in other similar recent reports of high temperature
superconductivity in hydrides under high pressure [2–7], and has been received with universal acclaim
[8–10]. Here we point out that features of the experimental data shown in Ref. [1] indicate that the
phenomenon observed in that material is not superconductivity. This observation calls into question
earlier similar claims of high temperature conventional superconductivity in hydrides under high
pressure based on similar or weaker evidence [2–7].

PACS numbers:

In the Snider et al. paper [1] it is claimed that the ma-
terial is a weakly type II superconductor, with Ginzburg-
Landau (GL) parameter ! = "(T )/#(T ) ! 1.5, with
" and # the London penetration depth and coherence
length respectively. This claim is based on an incorrect
analysis. From the experimental data close to Tc an up-
per critical field Hc2(T = 0) = 61.8T is inferred. This
determines the coherence length # from the GL formula

Hc2 =
$0

2%#2
. (1)

as # = 2.3nm [1], with $0 = 2.07" 10!7G# cm2 the flux
quantum. In the figure caption of Extended Data Fig. 3,
the authors state that they extract the penetration depth
"(0) from the formula

"(0) =
$0

2
$
2%Hc(0)#(0)

(2)

and state that Hc(0) = 61.8T . However, as stated above,
61.8T is the upper critical field Hc2 inferred from exper-
iment and not the thermodynamic critical field Hc that
enters in Eq. (2). Eq. (2) yields "(0) = 1.6nm (the
quoted value of 3.8nm is a typo according to the authors
[11]). Both values are incorrect.
The reality is that from the experimental results pre-

sented in the paper there is no way to extract information
on the value of the penetration depth, so that both the
numerical value of "(0) and its temperature dependence
presented in Extended Data Fig. 3 (b) and (c) are fic-
tion, not reality. And the material is not a weakly type
II superconductor, with GL parameter ! ! 1.5 [1], as
inferred by the authors [12].
Quite the contrary: if this material is a superconduc-

tor, it should be strongly type II, like other superconduc-
tors with short coherence length like the high temper-
ature cuprate superconductors or magnesium diboride
(MgB2). The coherence length inferred from the crit-
ical field data is very short, 2.3nm. Within the con-
ventional theory of superconductivity [13], which high
temperature superconducting hydrides purportedly obey
[14], one can estimate the Fermi velocity vF from the

relation #0 = !vF /(%!(0)), and the London penetra-
tion depth from "(0) =

!

mec2/(4%nse2) with ns the
superfluid density [13]. Assuming for simplicity a spher-
ical Fermi surface and the value of !(0) ! 42meV
inferred from the measured Tc [1] yields an estimated
"(0) = 113nm. In reality, the disorder present in these
samples is likely to strongly reduce the value of the su-
perfluid density ns increasing the magnitude of the pen-
etration depth [13]. So we argue that a GL ratio of
! = "(0)/#(0) ! 113nm/2.3nm ! 50 is likely to be a
lower bound for these materials. For comparison, in the
cuprate superconductors one has typically # ! 1.8nm
and " ! 180nm, hence ! ! 100, and in MgB2 # ! 5nm
and " ! 140nm, hence ! ! 28.
The curves of resistance versus temperature shown in

Fig. 1 show a remarkably sharp drop for all pressures
shown. It is di"cult to discern any transition width from
the graph; we estimate it to be certainly less than 1K, as
the paper also states, which corresponds to a fractional
width of less than 0.5%. This is a remarkably sharp tran-
sition which is rarely seen in any superconductor except
for exceptionally pure single crystal samples of type I su-
perconductors. The system under consideration here is
certainly not a single crystal and there are probably a
range of compositions within the pressure cell. The au-
thors indicate that there are pressure gradients in the
system to account for observed di#erences in transition
temperatures measured by resistivity and susceptibility.
We argue that this is inconsistent with the exceptionally
sharp transitions displayed in Fig. 1.
This anomalous behavior becomes even clearer when

considering Fig. 2. In type II superconductors the resis-
tive superconducting transition will necessarily be broad-
ened in an applied magnetic field. This is because the ma-
terial enters into the mixed phase when the temperature
is lowered or the magnetic field is decreased so that the
applied magnetic field H becomes smaller than Hc2(T ).
The magnetic field penetrates the material in the form of
vortices carrying one flux quantum each, with the num-
ber of vortices an increasing function of the applied field.
In the mixed phase a circulating current causes motion
of vortices that dissipates energy so the resistivity is non-

arXiv:2010.10307	(2020)	
Breakthrough	or	bust?	Claim	of	room-temperature	superconducNvity	

draws	fire,	Science	22	Oct.	2021	(doi:	10.1126/science.acx9428)



https://arxiv.org/abs/2111.15017 (29 Nov 2021)



Current sensing techniques
Electrical transport

Problem : No spatial resolution, 
whole sample probing 

(+contamination from electrodes)
 higher pressure  

 smaller samples  less signal
!

" "
Technically challenging,  

poor reproducibility

Snider	et	al,	Nature	586,	373	(2021)

Diamagnetism

LETTERS

Enhancement of superconductivity by
pressure-driven competition in electronic order
Xiao-Jia Chen1,2, Viktor V. Struzhkin1, Yong Yu1, Alexander F. Goncharov1, Cheng-Tian Lin3, Ho-kwang Mao1

& Russell J. Hemley1

Finding ways to achieve higher values of the transition temper-
ature, Tc, in superconductors remains a great challenge. The super-
conducting phase is often one of several competing types of
electronic order, including antiferromagnetism and charge density
waves1–5. An emerging trend documented in heavy-fermion1 and
organic2 conductors is that the maximum Tc for superconductivity
occurs under external conditions that cause the critical temper-
ature for a competing order to go to zero. Recently, such competi-
tion has been found in multilayer copper oxide high-temperature
superconductors (HTSCs3–5) that possess two crystallographically
inequivalent CuO2 planes in the unit cell. However, whether the
competing electronic state can be suppressed to enhance Tc in
HTSCs remains an open question. Here we show that pressure-
driven phase competition leads to an unusual two-step enhance-
ment of Tc in optimally doped trilayer Bi2Sr2Ca2Cu3O101d

(Bi2223). We find that Tc first increases with pressure and then
decreases after passing through a maximum. Unexpectedly, Tc

increases again when the pressure is further raised above a critical
value of around 24 GPa, surpassing the first maximum. The pres-
ence of this critical pressure is a manifestation of the crossover from
the competing order to superconductivity in the inner of the three
CuO2 planes. We suggest that the increase at higher pressures
occurs as a result of competition between pairing and phase order-
ing in different CuO2 planes.

We used Bi2223 single crystals in the present investigation. The
structure of Bi2223 consists of two insulating Bi-O and Sr-O blocking
layers intercalating in the c-axis direction with two structurally equi-
valent outer CuO2 planes and one inner CuO2 plane, surrounded by
two Ca planes (Fig. 1a). The appearance of both outer and inner
CuO2 planes is common structural feature shared by all multilayer
systems. The interlayer coupling between the CuO2 planes should
have an important role in the significant enhancement of Tc in a
homologous series6. Studies of the 17O and 63Cu NMR spectra7,8 of
Bi2223 show that the outer and inner CuO2 planes have distinctly
different physical properties. The imbalance of charge distribution
among the inner and outer CuO2 planes has been revealed by angle-
resolved photoemission spectroscopy also9. Such an imbalance may
account for the slight decline in Tc of multilayer compounds when
the number of CuO2 layers within a unit cell is greater than three10,11.

We chose pressure as an external parameter to tune the phase
competition in Bi2223. We performed measurements of Tc in
Bi2223 using an improved magnetic susceptibility technique
described previously12. The measurements were made at a range of
pressures up to 36.4 GPa. Figure 1b, d shows the schematic diagram
of the double-frequency modulation set-up for a diamond anvil cell.
A photograph taken through the diamond windows of a single crystal
at 36.4 GPa is shown in Fig. 1c. The crystal, together with ruby, was

put in a neon environment in a gasket hole to ensure near-hydrostatic
conditions. As previous measurements appear to be limited to below
18 GPa (refs 13, 14), to our knowledge these are the highest-pressure
magnetic measurements used for the detection of superconductivity
in HTSCs.

Figure 2a shows the representative temperature scans of an optim-
ally doped Bi2223 single crystal, of initial size 80 3 80 3 10 mm3, at
different pressures. For such a sample with sufficiently large dimen-
sions, we obtained a very strong amplitude signal during the mea-
surements when keeping the sample signal in phase with the
background magnetization vector. The superconducting transition
is identified by the onset of deviation in the signal from the almost
constant background on the high-temperature side. The supercon-
ducting transition at 108 K is obtained at ambient pressure. It is clear
that at the pressure of 10.2 GPa the superconducting transition shifts
to higher temperatures than at 1 atm (,0.1 MPa), but it moves back
to lower temperatures beyond that pressure.

In Fig. 2b, we plot the signal phase of another Bi2223 sample, of
initial size 50 3 70 3 10mm3, cleaved from the same single crystal as in
our previous run. For such a small sample, our magnetic susceptibility
technique still can detect the superconducting transitions from the
temperature scan of the phase, although the amplitude does not
exhibit a signal of the same quality as that of the large sample

1Geophysical Laboratory, Carnegie Institution of Washington, Washington DC 20015, USA. 2Department of Physics, South China University of Technology, Guangzhou 510640, China.
3Max-Planck-Institut für Festkörperforschung, D-70569 Stuttgart, Germany.
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Figure 1 | Magnetic susceptibility measurement set-up. a, Schematic of the
crystal structure of Bi2Sr2Ca2Cu3O101d. b, Schematic of the double-
frequency modulation set-up for the diamond anvil cell. The sample,
together with ruby, is located inside the hole in a non-magnetic gasket. The
coil system includes a signal coil, a compensating coil, a high-frequency
excitation coil and a low-frequency modulating coil. c, The sample and ruby
in a neon environment in the gasket hole at 36.4 GPa and 80 K. d, A signal
coil wound around a diamond anvil and a compensating coil connected in
opposition.

Vol 466 | 19 August 2010 | doi:10.1038/nature09293
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Inductively coupled coils

Chen	et	al,	Nature	466,	950	(2010)

DAC compatible with SQUID

Marizy	et	al,	High	Pressure	Research	37,	465	(2017)



In-situ observation of the Meissner e"ect?  
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Quête	de	supraconducteurs	à	température	ambiante	:	H3S	supra	à	TC	=	203	K	et	P=150	GPa
Spectroscopie	du	centre	NV	en	pression	?		� modélisation	couplée	théorie	et	expérience
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Ligne du champ 
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�! M = 6⇥ 10�8 emu soit ' 1013 µBMesure de susceptibilité magnétique : 

Cellule	à	enclumes	de	diamant

= limite de détection des SQUID
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NV	color	center	in	diamond:	electron	spin	that	
can	be	opNcally	detected	and	manipulated	by	
combining	opNcal	and	microwave	excitaNons		
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NV centers as magnetic quantum sensors

NV center ⌘ magnetometer of atomic size
with sensitivity to DC magnetic field ⇡ µT

gNV = 2.0030 �! Zeeman shift ⇡ 28MHz/mT

Review: L. Rondin et al., Rep. Prog. Phys. 77, 056503 (2014)  
Nanoscale magnetometry : Vincent Jacques (U. Montpellier)



Creation of NV centers using ion implantation
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High-pressure NV magnetometry: set-up

A. Hilberer - LuMIn
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Hybrid confocal/wide-field cryogenic fluorescence microscope

532nm
laser

λ/2

Detection
APD

Spectrograph

Filter

DAC

DM

Steering
mirror

Wide field
camera

Cryostat

DM

Piezo Z

Ongoing work : Current setup



Microwave excitation and metallic gasket

The slit cut in the metallic gasket avoids shielding but also 
behaves as a focusing lens for the microwave excitation

T. Meier et al, Sci. Adv. 3:eaao5242 (2017)

Annexe E
Simulations COMSOL du champ micro-onde

créé par l’antenne dans la DAC

Nous avons réalisé un ensemble de simulations à l’aide du logiciel COMSOL afin de visualiser
l’influence du joint sur le champ micro-onde créé par l’antenne dans la DAC et d’observer les
modifications sur ce champ dues à l’ajout d’une fente dans le joint. La construction géométrique
complète est représentée figure E.1-b.

Figure E.1 : (a) Représentation schématique du joint fendu. Le joint en rhénium comporte
un trou central qui est l’endroit d’intérêt où doit exister le champ micro-onde appliqué aux centres NV.
Ces micro-ondes sont transportées par une antenne constituée d’un simple fil de cuivre. Une fente est
percée dans le joint pour contrecarrer l’e�et d’écrantage par les courants de Foucault induits dans la
masse métallique du joint. Cette fente forme une lentille de Lenz qui concentre le champ magnétique
micro-onde au niveau du trou central, comme représenté sur la figure 3.9. (b) Construction 3D du
joint fendu utilisée dans la simulation COMSOL.

Nous avons choisi des paramètres de simulation proches de la situation réelle :

— L’antenne est en cuivre, de conductivité électrique 6,0◊107 S/m. Le diamètre de la boucle
est 2 mm, et le diamètre du fil utilisé est 100 µm.

— Le joint est en rhénium, de conductivité électrique 5,4 ◊ 106 S/m. Le diamètre du joint
est su�samment grand pour ne pas avoir d’impact : dès qu’il est sensiblement plus grand
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COMSOL simulation 
of the eddy currents  

induced in the gasket
by the microwave coil
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lived singlet electronic states whose energy levels lie between the ground and excited state triplets. 
A microwave field tuned to the transition between mS=0 and mS=±1 ground states creates the 
optically detected magnetic resonance (ODMR) of the NV spin. Since the NV gyromagnetic factor is 
close to a single electron, a magnetic field B splits the mS=±1 states by a frequency difference of 28 
MHz/mT. From this splitting, we can deduce the B-field projection along the N-V axis.  

In collaboration with P. Loubeyre and T. Plisson (CEA, France) who provided us with their long-
standing expertise in high-pressure physics, we adapted this ODMR scheme to the constraints of 
the DAC. To avoid the shielding of the microwave excitation by the metallic gasket, we cut a thin 
slab in it (figure 1b). As shown in figure 3b, the ODMR signal is observed up to a pressure of about 
40 GPa that is determined from the luminescence of a ruby crystal placed in the gasket bore. The 
influence of an external magnetic field on the ODMR appears clearly at 30 GPa (see the insert of 
figure 3b). Similar results were reported by M. Doherty, N. Manson et al. [Doherty2014] but with a 
diamond crystal with high NV doping compressed between two metallic anvils. 

 

FIGURE 3 – NV SPIN RESONANCE IN A DIAMOND ANVIL CELL  

(a) Level diagram of the NV center without strain. Transitions into the 
singlets occur primarily from the mS =±1 states, whereas the singlets decay 
toward the mS=0 ground state. This leakage polarizes the population in the 
mS =0 state. Optical excitation addresses simultaneously the optical 
transitions from mS=0 and mS =±1. Since the intersystem crossing occurs 
primarily from the mS=±1 excited state, the mS=±1 states lead to fewer 
photoluminescence (PL) cycles before shelving in the singlets. The PL 
intensity from mS=±1 is thus less than from mS=0, providing the ODMR 
signature. When a magnetic field BNV is applied along the N-to-V axis the 
degeneracy between the mS=±1 states is lift in two resonance frequencies. 
(b) Optically-detected magnetic resonance (ODMR) spectra recorded on an 
implantation spot with ~500 NV centers. As the crystal field increases with 
pressure, we observe a positive frequency shift of the resonance. The 
splitting in two main components is due to non-hydrostatic strain. The insert 
shows that a magnetic field perturbation can be distinguished from strain. 
(c) Influence on non-hydrostatic strain on the energy levels that mixes the 
transverse electron orbitals into states (+,-).  

Work step. As the pressure increases, the ODMR contrast becomes asymmetric and is eventually 
too weak for the signal to be directly measured. Before being able to a pressure limit to the detection 
of the spin resonance, we must explore the regime of very high non-hydrostatic strain that mixes the 
mS=±1 states [Barson2017]. To determine how the strain-induced new states (±) modify the spin 
polarization mechanism (figure 3c), we will perform the spectroscopy of the orbital excited states at 
both low and room temperature [Chu2015]. This physics of the NV center is still mostly unknown.  

Due to the possible detrimental influence of the non-hydrostatic strain field in the anvil at very high 
pressure [Feng2016], we will implement a mitigation strategy. We will address in-depth NV centers 
that are located at a distance from the culet where the strain has decreased to a value for which the 
magnetic field influence can be observed on the ODMR. A thin layer of shallow NV centers will be 
created by ion implantation and then “buried” inside the anvil with a protecting layer of ultrapure 
diamond synthetized by plasma-assisted vapor deposition (CVD). This task will be realized in 
collaboration with the diamond group led by J. Achard at LSPM (Villetaneuse, France) who will be a 
subcontractor. It builds on our joint demonstration that a thin layer of CVD overgrown single-crystal 
diamond improves the properties of shallow NV centers  [Lesik2016].  

Since this overgrowth might weaken the mechanical properties of the anvil, we will investigate a 
complementary strategy. We will fabricate a homogeneously NV-doped anvil by starting from a 
nitrogen-doped crystal and by generating a high NV concentration with electron irradiation 
[Acosta2009]. A layer of active defects at a chosen depth will be selected using optimized optical 
addressing that will compensate the aberrations induced by the diamond high index of refraction. 

c. NV centers can map magnetic fields with sub-micron resolution 

State-of-the-art. A two-dimensional (2-d) layer of NV centers can map the magnetic field distribution 
[Steinert2010]. Since the NV centers have 4 possible orientations in a (100)-oriented diamond, each 
sampling pixel is associated to the measurement of 4 correlated projections of the magnetic field. As 
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Low-temperature implementation 
Superconductivity of MgB2 at 7 GPa
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High pressure applied on solids generates metallic and superconducting
states in insulators or semiconductors. Pressures above 100 GPa are
routinely obtained in diamond anvil cells, but the tiny sample volume is
almost incompatible with any non-optical detection scheme. In our
group, we develop the use of NV diamond color centers as optical
quantum magnetic and pressure sensors for high-pressure experiments.

NV centers under pressure
Deformations of the diamond
carbon lattice induced by
extreme pressure alter the
energy structure of the NV-
defect. Within its ground state,
the distance between levels
!! = 0 and !! = ±1 is
increased by hydrostatic
pressure, while non-hydrostatic
stresses lift the degeneracy of
levels !! = ±1. To first order,
this effect adds quadratically
with the Zeeman splitting used
for magnetometry.

The overall symmetry of the energy levels
involved in the optical transitions (green
absorption, red emission) is the same as
the spin transition ones (A to E), so group
theory tells us that these should also be
modified by applied stress. And indeed,
hydrostatic stress blue-shifts the NV-
emission spectrum, while non-isotropic
strain lifts the degeneracy between
emission dipoles.
These effects have to be taken into
consideration to build an effective high-
pressure NV-based magnetometer.
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Pressure allows us to explore interesting
and rarely probed regimes of the NV
Hamiltonian.

At high strain rates, one can for instance
observe the crossover from linearly
polarized MW transitions between
stress states (in green) to circular ones
between magnetic field states (in red).
This transition can explain the contrast
asymmetries often observed in high-
pressure NV magnetometry, but have to
be coupled with a detailed model of
stresses in the DAC if we want to
understand them fully.

High pressure Meissner effect sensing

• Proof of principle demonstrating NV magnetometry around 100 GPa
• Modeling of NV behavior in high strain regimes and magnetic fields
• Meissner effect detection on a HP-synthetized hydride superconductor
• Exploration of other defects (SiV, GeV…) as potential fully optical probes

NV-enabled Diamond Anvil Cell (DAC)

Samples can be compressed to pressures ranging from a
few kBar to hundreds of GPa using a diamond anvil cell.
This device is made from two sharply cut diamonds
with opposing tips, with a toroidal gasket delimiting a
confinement chamber for the sample between them.
Diamond’s transparency to a large part of the EM
spectrum provides optical access to the sample cavity.
Pressure is measured either with a calibrated gauge
(e.g. ruby crystal fluorescence), or with diamond’s
Raman response shift.
We engineer NV centers directly into one of the anvils
using in-house nitrogen FIB implantation. MW
excitation is provided via a copper wire loop and a
custom split gasket design. [1]

Diamond seat

Diamond seat

! > !! ! < !!

100µm

When a material goes superconducting,
two phenomena have to happen : its
electrical resistivity goes to zero, and it
spontaneously expels any magnetic field
from its interior. The latter is called the
Meissner effect, and is the hallmark of
superconductivity we propose to detect in
our experiments. Indeed, if we bring NV
centers close enough to our sample, we
can detect the local magnetic field
variation induced by the presence of the
superconductor.
Using a home-built laser-scanning confocal
fluorescence microscope to look into our
DAC inside a cryostat, we can collect ESR
spectra from our NV centers at different
points, with optical resolution. This allows
us to probe the local magnetic field above
our sample, and away from it.

4 GPa 30 GPa

With this new method, we were able to measure the
critical temperature of a mercury based cuprate sample
(Hg-1223) up to 30GPa, and thus reproduce 25-years-old
measurements made resistively that had never been
matched.
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matter physicists, as many studied compounds are
synthetized under high pressure without
metastability to ambient conditions.
We demonstrated the possibility to implement a
portable version of our setup, that could be brought
to a synchrotron radiation facility. On the PSICHÉ
beamline at SOLEIL, we performed simultaneous X-
ray diffraction characterization and widefield NV
magnetometry on iron’s phase transition from
ferromagnetic cubic to non-magnetic hexagonal
around 20GPa. [2]
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High pressure applied on solids generates metallic and superconducting
states in insulators or semiconductors. Pressures above 100 GPa are
routinely obtained in diamond anvil cells, but the tiny sample volume is
almost incompatible with any non-optical detection scheme. In our
group, we develop the use of NV diamond color centers as optical
quantum magnetic and pressure sensors for high-pressure experiments.

NV centers under pressure
Deformations of the diamond
carbon lattice induced by
extreme pressure alter the
energy structure of the NV-
defect. Within its ground state,
the distance between levels
!! = 0 and !! = ±1 is
increased by hydrostatic
pressure, while non-hydrostatic
stresses lift the degeneracy of
levels !! = ±1. To first order,
this effect adds quadratically
with the Zeeman splitting used
for magnetometry.

The overall symmetry of the energy levels
involved in the optical transitions (green
absorption, red emission) is the same as
the spin transition ones (A to E), so group
theory tells us that these should also be
modified by applied stress. And indeed,
hydrostatic stress blue-shifts the NV-
emission spectrum, while non-isotropic
strain lifts the degeneracy between
emission dipoles.
These effects have to be taken into
consideration to build an effective high-
pressure NV-based magnetometer.
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Pressure allows us to explore interesting
and rarely probed regimes of the NV
Hamiltonian.

At high strain rates, one can for instance
observe the crossover from linearly
polarized MW transitions between
stress states (in green) to circular ones
between magnetic field states (in red).
This transition can explain the contrast
asymmetries often observed in high-
pressure NV magnetometry, but have to
be coupled with a detailed model of
stresses in the DAC if we want to
understand them fully.

High pressure Meissner effect sensing

• Proof of principle demonstrating NV magnetometry around 100 GPa
• Modeling of NV behavior in high strain regimes and magnetic fields
• Meissner effect detection on a HP-synthetized hydride superconductor
• Exploration of other defects (SiV, GeV…) as potential fully optical probes

NV-enabled Diamond Anvil Cell (DAC)

Samples can be compressed to pressures ranging from a
few kBar to hundreds of GPa using a diamond anvil cell.
This device is made from two sharply cut diamonds
with opposing tips, with a toroidal gasket delimiting a
confinement chamber for the sample between them.
Diamond’s transparency to a large part of the EM
spectrum provides optical access to the sample cavity.
Pressure is measured either with a calibrated gauge
(e.g. ruby crystal fluorescence), or with diamond’s
Raman response shift.
We engineer NV centers directly into one of the anvils
using in-house nitrogen FIB implantation. MW
excitation is provided via a copper wire loop and a
custom split gasket design. [1]
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When a material goes superconducting,
two phenomena have to happen : its
electrical resistivity goes to zero, and it
spontaneously expels any magnetic field
from its interior. The latter is called the
Meissner effect, and is the hallmark of
superconductivity we propose to detect in
our experiments. Indeed, if we bring NV
centers close enough to our sample, we
can detect the local magnetic field
variation induced by the presence of the
superconductor.
Using a home-built laser-scanning confocal
fluorescence microscope to look into our
DAC inside a cryostat, we can collect ESR
spectra from our NV centers at different
points, with optical resolution. This allows
us to probe the local magnetic field above
our sample, and away from it.

4 GPa 30 GPa

With this new method, we were able to measure the
critical temperature of a mercury based cuprate sample
(Hg-1223) up to 30GPa, and thus reproduce 25-years-old
measurements made resistively that had never been
matched.
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High pressure applied on solids generates metallic and superconducting
states in insulators or semiconductors. Pressures above 100 GPa are
routinely obtained in diamond anvil cells, but the tiny sample volume is
almost incompatible with any non-optical detection scheme. In our
group, we develop the use of NV diamond color centers as optical
quantum magnetic and pressure sensors for high-pressure experiments.

NV centers under pressure
Deformations of the diamond
carbon lattice induced by
extreme pressure alter the
energy structure of the NV-
defect. Within its ground state,
the distance between levels
!! = 0 and !! = ±1 is
increased by hydrostatic
pressure, while non-hydrostatic
stresses lift the degeneracy of
levels !! = ±1. To first order,
this effect adds quadratically
with the Zeeman splitting used
for magnetometry.

The overall symmetry of the energy levels
involved in the optical transitions (green
absorption, red emission) is the same as
the spin transition ones (A to E), so group
theory tells us that these should also be
modified by applied stress. And indeed,
hydrostatic stress blue-shifts the NV-
emission spectrum, while non-isotropic
strain lifts the degeneracy between
emission dipoles.
These effects have to be taken into
consideration to build an effective high-
pressure NV-based magnetometer.
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Pressure allows us to explore interesting
and rarely probed regimes of the NV
Hamiltonian.

At high strain rates, one can for instance
observe the crossover from linearly
polarized MW transitions between
stress states (in green) to circular ones
between magnetic field states (in red).
This transition can explain the contrast
asymmetries often observed in high-
pressure NV magnetometry, but have to
be coupled with a detailed model of
stresses in the DAC if we want to
understand them fully.

High pressure Meissner effect sensing

• Proof of principle demonstrating NV magnetometry around 100 GPa
• Modeling of NV behavior in high strain regimes and magnetic fields
• Meissner effect detection on a HP-synthetized hydride superconductor
• Exploration of other defects (SiV, GeV…) as potential fully optical probes

NV-enabled Diamond Anvil Cell (DAC)

Samples can be compressed to pressures ranging from a
few kBar to hundreds of GPa using a diamond anvil cell.
This device is made from two sharply cut diamonds
with opposing tips, with a toroidal gasket delimiting a
confinement chamber for the sample between them.
Diamond’s transparency to a large part of the EM
spectrum provides optical access to the sample cavity.
Pressure is measured either with a calibrated gauge
(e.g. ruby crystal fluorescence), or with diamond’s
Raman response shift.
We engineer NV centers directly into one of the anvils
using in-house nitrogen FIB implantation. MW
excitation is provided via a copper wire loop and a
custom split gasket design. [1]
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When a material goes superconducting,
two phenomena have to happen : its
electrical resistivity goes to zero, and it
spontaneously expels any magnetic field
from its interior. The latter is called the
Meissner effect, and is the hallmark of
superconductivity we propose to detect in
our experiments. Indeed, if we bring NV
centers close enough to our sample, we
can detect the local magnetic field
variation induced by the presence of the
superconductor.
Using a home-built laser-scanning confocal
fluorescence microscope to look into our
DAC inside a cryostat, we can collect ESR
spectra from our NV centers at different
points, with optical resolution. This allows
us to probe the local magnetic field above
our sample, and away from it.

4 GPa 30 GPa

With this new method, we were able to measure the
critical temperature of a mercury based cuprate sample
(Hg-1223) up to 30GPa, and thus reproduce 25-years-old
measurements made resistively that had never been
matched.

4 GPa

A. Hilberer1, L. Toraille2, B. Vindolet1, M.-P. Adam1, M. Schmidt1, T. Debuisschert3,
D. Colson4, F. Occelli2, P. Loubeyre2, J.-F. Roch1

1 LuMIn, ENS Paris-Saclay, 91190 Gif-sur-Yvette, France
2 CEA, DAM, DIF, F-91297 Arpajon, France

3 Thales Research & Technology, 91767 Palaiseau Cedex, France
4 Université Paris-Saclay, CEA, CNRS, SPEC, F-91191, Gif-sur-Yvette, France 

References

Coupling a magnetic diagnosis to material structure
characterization techniques is crucial for condensed
matter physicists, as many studied compounds are
synthetized under high pressure without
metastability to ambient conditions.
We demonstrated the possibility to implement a
portable version of our setup, that could be brought
to a synchrotron radiation facility. On the PSICHÉ
beamline at SOLEIL, we performed simultaneous X-
ray diffraction characterization and widefield NV
magnetometry on iron’s phase transition from
ferromagnetic cubic to non-magnetic hexagonal
around 20GPa. [2]

[1] Lesik et al. 2019, Science366 (6471): 1359-62.
[2] Toraille et al. 2020 New J. Phys. 22 103063

*

in
te

ns
ity

 (a
.u

.)

2θ (°)
8 9 10 11 12 13 14 15 16 17 18 19

6.3 GPa

13.8 GPa

Au α-Fe ε-Fe

19.0 GPa

20.0 GPa

26.9 GPa

NH3BH3

*

* *

**

* *

**

*

Magnetic measurement
&

Structural analysis

Above

sample

temperature

ES
R	
sp
li`

ng

Strong	inhomogeneiNes	in	the	
Meissner	signal	above	the	sample



Evolution of Tc for cuprate Hg1223

T = 80 K T = 80 K

L.	Gao	et	al.,	Phys.	Rev.	B	50,	4260	(1994)

Offset	attributed	to	a	faulty	
sample,	obtained	from	
cracking	a	300µm	crystal

Hg1223	is	doped	under	
oxygen	atmosphere	
=>	doping	can	be	

inhomogeneous	inside	
crystal	bulk,	and	non-

optimal	doping	changes	"#

Need	new	pristine	
micro-crystals

More	information:	see	poster	by	Antoine	Hilberer	
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High pressure applied on solids generates metallic and superconducting
states in insulators or semiconductors. Pressures above 100 GPa are
routinely obtained in diamond anvil cells, but the tiny sample volume is
almost incompatible with any non-optical detection scheme. In our
group, we develop the use of NV diamond color centers as optical
quantum magnetic and pressure sensors for high-pressure experiments.

NV centers under pressure
Deformations of the diamond
carbon lattice induced by
extreme pressure alter the
energy structure of the NV-
defect. Within its ground state,
the distance between levels
!! = 0 and !! = ±1 is
increased by hydrostatic
pressure, while non-hydrostatic
stresses lift the degeneracy of
levels !! = ±1. To first order,
this effect adds quadratically
with the Zeeman splitting used
for magnetometry.

The overall symmetry of the energy levels
involved in the optical transitions (green
absorption, red emission) is the same as
the spin transition ones (A to E), so group
theory tells us that these should also be
modified by applied stress. And indeed,
hydrostatic stress blue-shifts the NV-
emission spectrum, while non-isotropic
strain lifts the degeneracy between
emission dipoles.
These effects have to be taken into
consideration to build an effective high-
pressure NV-based magnetometer.
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Pressure allows us to explore interesting
and rarely probed regimes of the NV
Hamiltonian.

At high strain rates, one can for instance
observe the crossover from linearly
polarized MW transitions between
stress states (in green) to circular ones
between magnetic field states (in red).
This transition can explain the contrast
asymmetries often observed in high-
pressure NV magnetometry, but have to
be coupled with a detailed model of
stresses in the DAC if we want to
understand them fully.

High pressure Meissner effect sensing

• Proof of principle demonstrating NV magnetometry around 100 GPa
• Modeling of NV behavior in high strain regimes and magnetic fields
• Meissner effect detection on a HP-synthetized hydride superconductor
• Exploration of other defects (SiV, GeV…) as potential fully optical probes

NV-enabled Diamond Anvil Cell (DAC)

Samples can be compressed to pressures ranging from a
few kBar to hundreds of GPa using a diamond anvil cell.
This device is made from two sharply cut diamonds
with opposing tips, with a toroidal gasket delimiting a
confinement chamber for the sample between them.
Diamond’s transparency to a large part of the EM
spectrum provides optical access to the sample cavity.
Pressure is measured either with a calibrated gauge
(e.g. ruby crystal fluorescence), or with diamond’s
Raman response shift.
We engineer NV centers directly into one of the anvils
using in-house nitrogen FIB implantation. MW
excitation is provided via a copper wire loop and a
custom split gasket design. [1]

Diamond seat

Diamond seat

! > !! ! < !!

100µm

When a material goes superconducting,
two phenomena have to happen : its
electrical resistivity goes to zero, and it
spontaneously expels any magnetic field
from its interior. The latter is called the
Meissner effect, and is the hallmark of
superconductivity we propose to detect in
our experiments. Indeed, if we bring NV
centers close enough to our sample, we
can detect the local magnetic field
variation induced by the presence of the
superconductor.
Using a home-built laser-scanning confocal
fluorescence microscope to look into our
DAC inside a cryostat, we can collect ESR
spectra from our NV centers at different
points, with optical resolution. This allows
us to probe the local magnetic field above
our sample, and away from it.

4 GPa 30 GPa

With this new method, we were able to measure the
critical temperature of a mercury based cuprate sample
(Hg-1223) up to 30GPa, and thus reproduce 25-years-old
measurements made resistively that had never been
matched.

4 GPa
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Coupling a magnetic diagnosis to material structure
characterization techniques is crucial for condensed
matter physicists, as many studied compounds are
synthetized under high pressure without
metastability to ambient conditions.
We demonstrated the possibility to implement a
portable version of our setup, that could be brought
to a synchrotron radiation facility. On the PSICHÉ
beamline at SOLEIL, we performed simultaneous X-
ray diffraction characterization and widefield NV
magnetometry on iron’s phase transition from
ferromagnetic cubic to non-magnetic hexagonal
around 20GPa. [2]
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Joint X-ray di"raction measurements
pressure: 19 GPa ↵ disappears

✏ appears

Qualititative agreement with NV magnetic measurement 
Upgrade of ESRF synchrotron: 20 nm resolution expected  

L. Toraille, A. Hilberer et al, New J. Phys. 22, 103063 (2020)



Conclusion
• The NV center is a novel tool to investigate magnetic and 

superconducting properties of materials at high pressure  
Development of a cryogenic platform with ATTOCUBE

• It is the only technique that can provide a direct and 
unbiased proof of the Meissner e"ect inside a DAC

• It can be combined with synchrotron-based techniques 
providing e.g. the crystallographic structure of the sample

• Integration of the microwave 
excitation in the diamond anvil cell

• Joint measurement of superconducting 
gap  using Raman spectroscopy

• Meissner e"et of hydrides (P>100 GPa)
#

Some perspectives

• High-pressure properties of group-IV centers in diamond, 
defects in hBN,…  Strain-controlled quantum optics!



Acknowledgements

Loïc TorailleMartin Schmidt

 
 

Appel à projets équipement mi-lourd 2015 – Dossier de candidature 
 

1 

 

 
 

EQUIPEMENT MI-LOURD (DIM et SESAME) 
 

APPEL A PROJETS 2015 
 

 
DOSSIER DE CANDIDATURE 

 
 
 
  

Le texte et le dossier de candidature au présent appel à projets sont téléchargeables sur : 

http://www.iledefrance.fr/aides-regionales-appels-projets  
 

et sur les sites de chacun des DIM 
 

La date de clôture du présent appel a été fixée au : 

6 mars 2015 à 16h 
 
 
 

Pour tout renseignement sur cet appel à projets : 
 

equipementlabo@iledefrance.fr  

1

Grant Agreement number: 820394 — ASTERIQS — H2020-FETFLAG-2018-2020/H2020-FETFLAG-2018-03

H2020 General MGA — Multi: v5.0

EUROPEAN COMMISSION
Directorate-General Communications Networks, Content and
Technology
Digital Excellence & Science infrastructure
High Performance Computing & Quantum Technology

GRANT AGREEMENT

NUMBER — 820394  —  ASTERIQS

This Agreement (‘the Agreement’) is between the following parties:

on the one part,

the European Union (‘the EU’), represented by the European Commission ('the Commission'),

represented for the purposes of signature of this Agreement by Head of Administration and
Finance Unit, Directorate-General Communications Networks, Content and Technology, Artificial
Intelligence and Digital Industry, Administration and Finance, Jose Manuel BASTOS,

and

on the other part,

1. ‘the coordinator’:

THALES SA (THALES), established in TOUR CARPE DIEM PLACE DES COROLLES
ESPLANADE NORD, COURBEVOIE 92200, France, VAT number: FR54552059024, represented
for the purposes of signing the Agreement by Cédric DEMEURE

and the following other beneficiaries, if they sign their ‘Accession Form’ (see Annex 3 and Article 56):

2. CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE CNRS (CNRS), established
in RUE MICHEL ANGE 3, PARIS 75794, France, VAT number: FR40180089013,

3. UNIVERSITAET STUTTGART (USTUTT), established in KEPLERSTRASSE 7,
STUTTGART 70174, Germany, VAT number: DE147794196,

4. UNIVERSITAET ULM (UULM), established in HELMHOLTZSTRASSE 16, ULM 89081,
Germany, VAT number: DE173703203,

5. EIDGENOESSISCHE TECHNISCHE HOCHSCHULE ZUERICH (ETHZ), established in
Raemistrasse 101, ZUERICH 8092, Switzerland, VAT number: CHE115203630MWST,

6. UNIVERSITAT BASEL (UNIBAS), established in PETERSPLATZ 1, BASEL 4051,
Switzerland, VAT number: CHE115244907MWST,

7. UNIVERSITAT DES SAARLANDES (USAAR), established in CAMPUS, SAARBRUCKEN
66123, Germany, VAT number: DE138117521,

1

Associated with document Ref. Ares(2018)4107758 - 03/08/2018

Thierry	
Debuisschert

Thomas Plisson

Paul Loubeyre
Marie-Pierre Adam 
Antoine Hilberer

Cuprate	Hg-1223	
Alain	Sacuto	

Dorothée	Colson		
	Anne	Forget


