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1. The NV center in diamond
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The Nitrogen-Vacancy center in diamond

N
V

532 nm

laser
photo-

luminescence (PL)

630-750 nm

➣ ground-state electron spin triplet S=1 
controllable optically

➣ 1st isolation at single scale in 1997
Gruber et al., Science 276 (1997)

spin-qubit with long coherence time even at room-temperature ! (~1ms)

➣ “native” defects or created by implantation, 
laser writing

Pezzagna et al., Phys. Stat. Sol. A 208 (2011)
Chen et al., Nat. Phot. 11 (2017)
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Detection of single NV centers

10 µm 

‘native’ single 
NV defects

optical scan of an 
ultrapure bulk diamond

➣ standard method:
PL scanning confocal microscopy 
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Detecting the spin of a single NV center 

➣ spin state initialization?

➣ spin state readout?
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Detecting the spin of a single NV center 

➣ spin state initialization? optical pumping !

➣ spin state readout?
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Detecting the spin of a single NV center 

➣ spin state initialization? optical pumping !

spin-dependent PL level !➣ spin state readout?

dark states

bright state

MW frequency [GHz]

B = 0 T

Single spin detection
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Optically detected magnetic resonance
ODMR spectrum
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Coherent spin manipulation

1.1

1.0

0.9P
L 

 [a
.u

.]

0.60.40.20.0
Durée de l'impulsion MW     [!s]T

|0e�

|�1e⇥

initialize
ms=0 read-out

MW pulse

Laser

➣ Rabi oscillations of a single NV spin

<latexit sha1_base64="Wd66TuVGh9xWu7kEkO8ustBgCz0="></latexit>

|1ei

⇡

|1e�

|0e�

p

full spin-flip

p/2 ⇡/2
y

|1e�

|0e�
p/2

quantum
superposition

<latexit sha1_base64="XZqFYb4FhNpTJm/ruC+rDtTari0="></latexit>

|0i+ ei'|1ip
2

MW pulse duration [µs]



6

➣ Ramsey fringes or free-induction decay
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Coherence time of single NVs

➣ Ramsey fringes or free-induction decay

P.
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T2* ~ 5 µs

initialize
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single NV in 
bulk diamond 
with natural 
abundance of C

increasing the coherence time

➣ engineering the diamond lattice

➣ dynamical decoupling

➣ clock transitions

➣ continuous dressing driving

➣ ...
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Engineering the diamond lattice

High Pressure High Temperature 
(HPHT diamond)

[N] ' 100 ppm

[13C] ' 1, 1%

T2
* ~ 100 ns

Hanson, Nat. Materials 8 (2009)

1954

[N] ' 1 ppb

[13C] ' 1, 1%

CVD diamond

T2
* ~ 5 µs

2002

Isotopically purified  
CVD-diamond

vacuum-like lattice

[N] ' 1 ppb

[13C] ' 0, 01%

2009
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Coherence time in isotopically-purified diamonds

T2
* ~ 50 µs

99,97 % 12C diamond
Spin free matrix

• Balasubramanian et al., Nat. Mater. 8(2009)
•Mizuochi et al., PRB 80 (2009)

T !

2 ! 500 µs

Maurer et al., Science 336 (2012)

99,999 % 12C diamond

@ room temperature

J. Wrachtrup’s group, Stuttgart, Germany



Extending T2 by dynamical decoupling

➣ Hahn-echo or spin-echo sequence

laser initialize ⇡
2
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2
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Abobeih et al., Nat. Comm. 9 (2018)

➣ longest T2 => low-temperature
T2 ~ 1 s (4K)

➣ more refocusing π-pulses...

T2 ~ 2 ms (300K)Naydenov et al., PRB 83 (2011)
➣ T2 reaching the T1-limit at room-temperature
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Fig. 4 Atomic structure and decoupling signal for the six nuclear-spin pairs. a Structure of the six 13C–13C pairs within the diamond unit cell (up to
symmetries and equivalent orientations). The z-values give the height in fractions of the diamond lattice constant a0. The magnetic !eld is oriented along
the <111> direction, i.e., along the axis of pair 4. For pair 3 there is an additional possible structure that yields a similar X, Supplementary Table 3. b The
calculated signal for the six individual 13C–13C pairs accurately describes the measured decoupling signal for different number of pulses N. Data are taken
for ! ! m " 2"#L

to avoid coupling to single-13C spins. See Supplementary Fig. 5 for other values of N

b

a

c

N

1.0

100

103

103 104 100 101 103 104102

102

102

101

101

101 102 103

0.9

0.8

0.7

0.6

0.5

0.4

N
or

m
al

iz
ed

 s
ig

na
l

Total evolution time t (ms)

1.0

Classical
limitA

ve
ra

ge
 s

ta
te

 fi
de

lit
y

0.9

0.8

0.7

0.6

0.5C
oh

er
en

ce
 ti

m
e 

T
 (

m
s)

N
4

8

16

32

64

128

256

512
1024

2048
3072
6144
10,240

32
64
128
512
1024
2048

3072
4096
6144
10,240
20,480

Total evolution time t (ms)N

Fig. 5 Protecting quantum states with tailored decoupling sequences. a Normalized signal under dynamical decoupling with the number of pulses varying
from N= 4 to N= 10,240. The electron is initialized and readout along x. The thin lines are !ts to equation (4), which takes into account the six identi!ed
13C–13C pairs. We use the extracted amplitudes A to re-normalize the signal. Thick lines are the extracted envelops 0:5# 0:5 " e$%t=T&n! "

with T and n
obtained from the !ts. See Supplementary Fig. 6 for the obtained values n. b Scaling of the obtained coherence time T as function of the number of pulses
(error bars are <5%). The solid line is a !t to the power function TN!4 " %N=4&

$, where TN=4 is the coherence time for N= 4. We !nd != 0.799(2). c The
average state !delity obtained for the six cardinal states (Supplementary Fig. 8). Unlike in a, the signal is shown without any renormalization. The number
of pulses N is chosen to maximize the obtained signal at the given total evolution time while avoiding interactions with the 13C environment. The solid
green line is a !t to an exponential decay. The horizontal line at 2

3 !delity marks the classical limit for storing quantum states. The two curves cross at t=
1.46 s demonstrating the protection of arbitrary quantum states well beyond a second. All error bars are one statistical s.d.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04916-z

6 NATURE COMMUNICATIONS | �(2018)�9:2552� | DOI: 10.1038/s41467-018-04916-z | www.nature.com/naturecommunications
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2. Nanoscale magnetometry with NV centers in diamond
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Detecting nuclear spins inside diamond
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hsŜ · Î
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Typical hyperfine spectra
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Detecting weakly-coupled nuclear spins

NV

C13
weakly-coupled 13C 

nuclear spins of the bath

only strongly-coupled 13C nuclear 
spins resolvable in ODMR spectrum

spectral resolution: ~ 200 kHz
(T2*-limited)

Taminiau et al., PRL 109 (2012)

spectral resolution: < 100 Hz
(T2-limited)

coupling detectable in dynamical 
decoupling sequence

coupling that can be resolved in an ESR measurement,
which is given by the ESR line width. We find that our
method detects hyperfine strengths as small as !20 kHz,
about an order of magnitude smaller than the measured line
width of

!!!
2

p
="!T#

2$ % 161"1$ kHz. Furthermore, we re-
solve differences in hyperfine strength down to !10 kHz.

Assuming that the interaction is purely dipole-dipole,
the values in Table I correspond to distances to the NV
center between 0.6 and 1.2 nm. The fact that we can
distinguish multiple weakly coupled spins beyond those
that are coupled strongest to the NV demonstrates that our
method can be used to create tomographic images of the
spin environment at the single nuclear spin level.

We validate our approach by calculating the signal ex-
pected from the values in Table I, and comparing the result
with independent measurements over a broad range of free

evolution times at two different magnetic fields (Fig. 3).
We find excellent agreement for both the positions and
amplitudes of the resonances, confirming the accuracy of
the theoretical model and the determined parameters.
Finally, we demonstrate that we can coherently rotate a

weakly coupled nuclear spin over a desired angle by tuning
the number of pulses N. Figure 4(a) plots the signal for a
selected resonance (k % 8) of spin 3 for different number
of pulses N. The depth of the resonance first increases with

FIG. 2 (color online). Resolving individual weakly coupled 13C nuclear spins. (a) Px as function of " for a decoupling sequence with
N % 32 and a magnetic field B0 % 401 G. The sharp resonances in the echo signal correspond to the coherent interaction with
individual 13C atoms. (b) Magnification of the section marked in (a) indicating resonances associated with six nuclear spins.
(c) Positions "k of resonances with order k observed in (a) relative to the Larmor period TL % 2!=!L,!" % "k=TL & "2k& 1$=4. The
five sets of equally-spaced resonances correspond to the spins numbered in (b). Lines are fits to Eq. (3). (d) Close up for nuclear spin 6
(" ' 8:57 . . . 8:59 #s) with N % 96. Line: fit based on Eq. (2). Errors are (1 standard deviation (s.d.).

TABLE I. Hyperfine coupling strength !h and angle $ for the
six nuclear spins identified in Fig. 2. For each nuclear spin these
values were obtained by individually fitting a single well-
isolated resonance based on Eq. (2). Uncertainties are 2 s.d.

Spin !h=2! (kHz) $ (degrees)

1 83.8(6) 21(1)
2 47(2) 30(5)
3 55(2) 54(2)
4 19(1) 133(3)
5 33(1) 132(1)
6 25.1(7) 51(2)

FIG. 3 (color online). Comparison of the measured signal with
the prediction based on the parameters in Table I (orange line).
We observe good agreement for the positions and amplitudes of
multiple resonances for magnetic fields of both B0 % 401 G and
B0 % 505 G. Error bars are (1 s.d.

PRL 109, 137602 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

28 SEPTEMBER 2012

137602-3

Kolkowitz et al., PRL 109 (2012)

Laraoui et al., Nat. Comm. 4 (2013)

Bradley et al., PRX 9 (2019)
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the low spectral resolution of >30!Hz full-width at half-maximum 
(FWHM), which is set by the dipolar-broadened linewidth of the nuclear 
spins and is inversely proportional to the dephasing time, T 2

" .
By contrast, our double-resonance sequence enables couplings 

between specific spins to be isolated and measured with high resolu-
tion. We first scan the target frequency RF2 for a fixed probe frequency 
RF1 (Fig.!1d). This reveals the spectral positions of nuclear spins coupled 
to the probe spin. We then sweep the evolution time t and apply a Fourier 
transform to the signal to quantify the coupling strengths (Fig.!1e). For 
a single pulse (N!=!1), the nuclear-spin coherence time is T2!=!0.58(2)!s 
(all given uncertainties!are one standard deviation), yielding a spectral 
resolution of 1.807(7)!Hz and a centre frequency accuracy of 10!mHz. 
The spectral resolution is set by the coherence of the sample spins and 
can be further enhanced by applying more echo pulses. For N!=!256, a 
resolution of 78(1)!mHz and an accuracy of 2!mHz are obtained, making 
it possible to detect sub-hertz interactions (Fig.!1f). The obtained reso-
lution is improved by a factor about 103 compared with Ramsey-type 
spectroscopy on the same type of sample (Fig.!1c)18–21,24,26,29 and is an 
order of magnitude higher than that achieved in previous experiments 
on other spin samples6–8,25,30,31.

To characterize the entire cluster, we perform 3D spectroscopy by 
varying the probe frequency RF1, the target frequency RF2 and the 
evolution time t. The combinations of RF1 and RF2 reveal the spectral 
positions of the spins in the cluster. The coupling between spins is 

retrieved from the Fourier transform along the time dimension t. This 
yields a 3D dataset that in principle encodes the composition and con-
nectivity of the spin cluster (Fig.!2).

In general, multiple spins can have (near-) identical precession fre-
quencies. This has two consequences. First, the echo pulses will invert 
these spins simultaneously, so that multiple couplings are probed at 
the same time. Figure!3a shows an example with one probe spin and 
three target spins. This example illustrates that, although the resulting 
spectra are more complex, the high spectral resolution of our method 
enables retrieval of the underlying nuclear–nuclear couplings, even 
when several spins overlap spectrally.

Second, to determine the number of spins in the cluster and to 
assign the measured couplings to them, we need to resolve the ambi-
guity introduced by the fact that multiple spins can overlap spectrally. 
For example, the observation of a coupling between frequencies 
{RF1,!RF2}!=!{fa,!fc} and a coupling between frequencies {fb,!fc} is by 
itself not enough to determine if there are one or two spins with fre-
quency fc. Our method resolves such ambiguities by extracting an 
over-determined dataset with many couplings that together constrain 
the problem. This enables individual spins to be uniquely identified 
from their connections to the rest of the cluster (see Fig.!3b for an 
example).

Transforming the 3D spectra into a spatial structure requires a precise 
relation between the measured couplings and the relative positions 
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Fig. 1 | Basic concepts of the experiment. a, We consider an individual cluster 
of 13C nuclear spins near a single NV centre in diamond. To obtain the 3D 
structure of the cluster we use the NV electron spin as a quantum sensor to 
measure nuclear–nuclear spin couplings. b, Experimental sequence. The NV 
sensor is used to polarize and detect the ‘probe’ spin(s) at frequency RF1 
(see!Methods). A double-resonance sequence of N echo pulses is applied 
simultaneously on the probe spin(s) (RF1) and the ‘target’ spin(s) (RF2), so that 
the coupling between these spins is selectively detected. See Extended Data 
Fig.!1 for the detailed sequence. c, A Ramsey signal (N!=!0) for a nuclear spin in 
the cluster (detuning f0!=!5!kHz relative to RF1!=!455.37!kHz). Because all 
couplings are probed simultaneously, the power spectral density (PSD) yields a 
complex non-resolvable spectrum. See Extended Data Fig.!2 for more 

examples. d, Double-resonance spectroscopy (N!=!1). Sweeping the target 
frequency (RF2) reveals all spins that couple to the probe spin(s). For larger  
t, more peaks appear as weaker couplings become visible. Here, 
RF1!=!463.27!kHz. e, Sweeping the evolution time t for a fixed RF1 and RF2 
reveals the coupling strength between spins. This example reveals a 
235.96(1)!Hz coupling between two spins with a spectral resolution of 
1.807(7)!Hz FWHM. Here, RF1!=!463.27!kHz and RF2!=!455.37!kHz. f, An example 
with N!=!256 echo pulses showing a coherence time of 10.9(5)!s, which enables 
selective measurements of sub-hertz couplings with high spectral resolution 
(78(1)!mHz) and precision (2!mHz). Here, RF1!=!408.32!kHz and RF2!=!413.48!kHz.  
See!Methods for the fit functions of all graphs. Error bars are one standard 
deviation. a.u., arbitrary units.
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the low spectral resolution of >30!Hz full-width at half-maximum 
(FWHM), which is set by the dipolar-broadened linewidth of the nuclear 
spins and is inversely proportional to the dephasing time, T 2

" .
By contrast, our double-resonance sequence enables couplings 

between specific spins to be isolated and measured with high resolu-
tion. We first scan the target frequency RF2 for a fixed probe frequency 
RF1 (Fig.!1d). This reveals the spectral positions of nuclear spins coupled 
to the probe spin. We then sweep the evolution time t and apply a Fourier 
transform to the signal to quantify the coupling strengths (Fig.!1e). For 
a single pulse (N!=!1), the nuclear-spin coherence time is T2!=!0.58(2)!s 
(all given uncertainties!are one standard deviation), yielding a spectral 
resolution of 1.807(7)!Hz and a centre frequency accuracy of 10!mHz. 
The spectral resolution is set by the coherence of the sample spins and 
can be further enhanced by applying more echo pulses. For N!=!256, a 
resolution of 78(1)!mHz and an accuracy of 2!mHz are obtained, making 
it possible to detect sub-hertz interactions (Fig.!1f). The obtained reso-
lution is improved by a factor about 103 compared with Ramsey-type 
spectroscopy on the same type of sample (Fig.!1c)18–21,24,26,29 and is an 
order of magnitude higher than that achieved in previous experiments 
on other spin samples6–8,25,30,31.

To characterize the entire cluster, we perform 3D spectroscopy by 
varying the probe frequency RF1, the target frequency RF2 and the 
evolution time t. The combinations of RF1 and RF2 reveal the spectral 
positions of the spins in the cluster. The coupling between spins is 

retrieved from the Fourier transform along the time dimension t. This 
yields a 3D dataset that in principle encodes the composition and con-
nectivity of the spin cluster (Fig.!2).

In general, multiple spins can have (near-) identical precession fre-
quencies. This has two consequences. First, the echo pulses will invert 
these spins simultaneously, so that multiple couplings are probed at 
the same time. Figure!3a shows an example with one probe spin and 
three target spins. This example illustrates that, although the resulting 
spectra are more complex, the high spectral resolution of our method 
enables retrieval of the underlying nuclear–nuclear couplings, even 
when several spins overlap spectrally.

Second, to determine the number of spins in the cluster and to 
assign the measured couplings to them, we need to resolve the ambi-
guity introduced by the fact that multiple spins can overlap spectrally. 
For example, the observation of a coupling between frequencies 
{RF1,!RF2}!=!{fa,!fc} and a coupling between frequencies {fb,!fc} is by 
itself not enough to determine if there are one or two spins with fre-
quency fc. Our method resolves such ambiguities by extracting an 
over-determined dataset with many couplings that together constrain 
the problem. This enables individual spins to be uniquely identified 
from their connections to the rest of the cluster (see Fig.!3b for an 
example).

Transforming the 3D spectra into a spatial structure requires a precise 
relation between the measured couplings and the relative positions 
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Fig. 1 | Basic concepts of the experiment. a, We consider an individual cluster 
of 13C nuclear spins near a single NV centre in diamond. To obtain the 3D 
structure of the cluster we use the NV electron spin as a quantum sensor to 
measure nuclear–nuclear spin couplings. b, Experimental sequence. The NV 
sensor is used to polarize and detect the ‘probe’ spin(s) at frequency RF1 
(see!Methods). A double-resonance sequence of N echo pulses is applied 
simultaneously on the probe spin(s) (RF1) and the ‘target’ spin(s) (RF2), so that 
the coupling between these spins is selectively detected. See Extended Data 
Fig.!1 for the detailed sequence. c, A Ramsey signal (N!=!0) for a nuclear spin in 
the cluster (detuning f0!=!5!kHz relative to RF1!=!455.37!kHz). Because all 
couplings are probed simultaneously, the power spectral density (PSD) yields a 
complex non-resolvable spectrum. See Extended Data Fig.!2 for more 

examples. d, Double-resonance spectroscopy (N!=!1). Sweeping the target 
frequency (RF2) reveals all spins that couple to the probe spin(s). For larger  
t, more peaks appear as weaker couplings become visible. Here, 
RF1!=!463.27!kHz. e, Sweeping the evolution time t for a fixed RF1 and RF2 
reveals the coupling strength between spins. This example reveals a 
235.96(1)!Hz coupling between two spins with a spectral resolution of 
1.807(7)!Hz FWHM. Here, RF1!=!463.27!kHz and RF2!=!455.37!kHz. f, An example 
with N!=!256 echo pulses showing a coherence time of 10.9(5)!s, which enables 
selective measurements of sub-hertz couplings with high spectral resolution 
(78(1)!mHz) and precision (2!mHz). Here, RF1!=!408.32!kHz and RF2!=!413.48!kHz.  
See!Methods for the fit functions of all graphs. Error bars are one standard 
deviation. a.u., arbitrary units.
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Imaging a 27-nuclear spin cluster

Abobeih et al., Nature 576 (2019)

➣ NV probing nuclear-nuclear interactions 
with spin-echo double resonance techniques

spectral 
resolution
< 80mHz ! 

nuclear spin T2=11s ! 

➣ 13C nuclear spins in quantum 
registers to process Q. information

Waldherr et al., Nature 506 (2014)
Bradley et al., PRX 9 (2019)

Work from T. Taminiau’s group (Delft, The Netherlands)
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Probing nuclear spins outside diamond

Glenn et al., Nature 555 (2018)

➣ high-resolution NMR with a NV-ensemble

Work from R. Walsworth’s group and collab. (Harvard, USA)
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(B0 =  88 mT) of a feedback-stabilized electromagnet. A resonant ! /2 pulse 
was applied to tip the thermally polarized proton spins in the sample into 
the transverse plane of the Bloch sphere. The free- nuclear-precession 
(FNP) signal of the proton (equivalent to the free-induction-decay  signal 
in conventional NMR) was then measured using a CASR sequence. Near 
the end of this sequence, after the spins in the sample were fully dephased, 
we used a coil antenna to apply a calibrated oscillating- magnetic-field 
pulse. A comparison of the integrated peak intensities of the glycerol NMR 
and the coil pulse signals in the CASR amplitude spectrum (Fig. 2a inset) 
yielded an initial glycerol proton FNP amplitude of 95 ±  8!pT (1!, for 
n =  3 measurements), which is approximately consistent with calculations 
(Supplementary Note 2). To exclude the possibility of a spurious detection 
associated with room noise or sensor imperfections, we swept B0 over a 
range of 0.02 mT (in steps of approximately 0.005 mT) and repeated the 
CASR FNP experiment at each value. A linear fit to the resulting NMR 
frequencies gives the correct value for the proton gyromagnetic ratio (Fig. 
2b).

To assess the spectral resolution limits of NMR detection using 
CASR spectroscopy, we measured a sample of pure water (T2,!T1 >  2 s;  
ref. 16). The resulting NMR signal line width (quoted as the full-width 

at half-maximum, FWHM) is 9 ±  1 Hz (Fig. 2c), which we attribute to 
micrometre-scale magnetic gradients from susceptibility differences 
between sensor components (Extended Data Fig. 6). Gradient-induced 
spectral broadening is commonly observed in submicrolitre-volume 
NMR spectroscopy with microcoils17,18 and can be mitigated by 
improving susceptibility matching in the sensor design19. Applying  
!  pulses to the protons to refocus the gradient-induced dephasing (that 
is, CASR spin-echo) narrowed the NMR signal line width to 2.8 Hz 
(FWHM; Fig. 2c), in agreement with the distribution of temporal fluc-
tuations in B0 that were recorded during the experiment (Extended 
Data Fig. 2). We experimentally investigated sensor-induced  sample 
dephasing due to spatially inhomogeneous interactions with the NV 
spins and/or the microwaves used to manipulate the NV centres;  
neither effect contributed substantially to the measured NMR signal 
line width (Supplementary Data 7).

To illustrate the applicability of CASR to molecular NMR 
spectroscopy, we acquired liquid-state FNP signals from pico-
litre-volume samples of three molecules: (i) trimethyl phosphate 
(TMP) [PO(OCH3)3], which is known to have a J-coupling of 
J(P,!H) "  11 Hz between the methyl protons and the central 31P 
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Figure 1 | NV-ensemble sensor for CASR NMR. a, Geometry of the NV-
ensemble sensor. The sensor consists of an NV-centre layer approximately 
13 µ m thick at the surface of a diamond chip, which is probed by a green laser 
(532-nm excitation wavelength) with a beam diameter of about 20 µ m. The 
sensor detects NMR from the thermally polarized fraction (dark blue arrows) 
of the total nuclear spin population of the sample (light blue arrows). Sample 
spins are resonantly driven and precess around the static bias field B0.  
NV centres at depths of dNV >  3 µ m (dotted horizontal line) are primarily 
sensitive to the thermal spin signal; shallower NV centres have signals that 
are dominated by statistical spin fluctuations. For an NV centre at depth dNV 
(such as that shown in the dashed circle), half of the NMR signal is due to 
sample spins in a hemisphere of radius rs <  2.4dNV (for rs indicated by the 
grey semicircle), which defines the effective sensing volume for that NV 
centre. The inset shows a numerical calculation of the fractional NMR signal 
amplitude that originates in a hemisphere of radius rs, normalized to the full 
NMR signal amplitude obtained when rs becomes much larger than dNV.  
b, Numerical simulation of CASR detection of an NMR FNP signal. The 

top row shows the oscillating magnetic field B(t) due to the precession of 
thermally polarized sample spins (blue) at frequency f. The middle row 
illustrates the CASR protocol. A ! /2 pulse (black box) applied to the nuclear 
spins at time t =  0 initiates spin precession with a defined phase for coherent 
averaging. The protocol then consists of interspersed blocks of identical NV 
AC magnetometry pulse sequences with central frequency f0 (grey boxes) 
and optical NV spin-state readouts (green boxes). These blocks are repeated 
at the synchronized readout cycle period "SR. The bottom row shows the  
NV fluorescence over successive CASR readouts, which thus oscillates at  
# f =  f!$ !f0. c, Probe geometry for NV-ensemble sensor. The sample is placed 
in a cuvette that surrounds the diamond chip. The measurement volume 
is defined by the totally internally reflected probe beam. Nuclear spins are 
driven by cylindrical coils above and below the diamond; the NV centres 
are driven by a wire antenna located at the diamond surface. Spin-state-
dependent fluorescence from NV centres is collected by a light guide and 
detected on a photodiode. The magnetic bias field B0 is provided by a 
feedback-stabilized electromagnet (Extended Data Fig. 2).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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nuclear spin20; (ii) xylene [(CH3)2C6H4], which has substantially 
different chemical shifts (about 5 p.p.m.) associated with the car-
bon ring structure and with the satellite methyl groups; and (iii) 
ethyl formate [HCOOC2H5], which has three different chemical 
shifts and two unequal J-couplings. The CASR NMR spectrum for 
TMP (Fig. 3a) shows clearly resolved peaks due to the J-coupling 
between the protons and the spin-1/2 31P nucleus, with a splitting 

of ! fJ "  13 ±  1 Hz. The CASR NMR spectrum for xylene (Fig. 3b)  
shows peaks split by 5.3 ±  0.5 p.p.m. (equivalent to a difference in chem-
ical-shift frequency of ! fCS "  20 ±  2 Hz at our bias field), consistent 
with a previously reported21 value for the chemical shift. The observed 
peak intensity ratio of about 2.2:1 in the xylene NMR power spectrum 
corresponds to the relative nuclear abundance of 6:4, with the protons 
in high-electron-density methyl groups shifted to lower frequency. The 
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Figure 2 | NMR detection using CASR. a, CASR time-series signal (grey 
trace) produced by NMR FNP of glycerol proton spins above the diamond, 
with decay time !T 2 =  10 ±  1 ms (the black dashed line shows a noise-
subtracted fit of the exponential decay envelope). A calibrated (80-pT 
amplitude; red peak in the right inset) magnetic field from a coil antenna is 
turned on at t =  940 ms. A comparison of FNP (blue box, blue trace in the 
left inset) and antenna (red box, red trace in the left inset) signals in the 
frequency domain (right inset) yields an initial FNP amplitude  
(blue peak in the right inset) of 95 ±  8!pT. Total signal averaging time  
was 7.2 #  104 s. b, Power spectra of proton NMR signals obtained from 
glycerol CASR FNP data (blue circles) for varying B0, fitted to Lorentzian 
line shapes (solid red lines). A linear fit of the NMR resonance frequency 

fres versus B0 (inset) gives the correct proton gyromagnetic ratio, 
!p =  42.574 ±  0.002 MHz T$1. The signal averaging time was 2.8 #  103 s 
per trace. c, Power spectra of CASR FNP measured from protons in 
glycerol (blue circles) and pure water (grey circles), as well as CASR spin-
echo measured from pure water (black circles); spectra are offset for 
clarity. The spectral resolution obtained with CASR FNP of glycerol is 
30 ±  2 Hz (FWHM), as determined by least-squares fitting to a Lorentzian 
line shape (red line). The spectral resolution obtained from pure water is 
9 ±  1 Hz (FWHM) with CASR FNP and 2.8 ±  0.3 Hz (FWHM) with CASR 
spin-echo. The signal averaging times were 7.2 #  104 s (glycerol FNP), 
3.1 #  104 s (water FNP) and 3.9 #  104 s (water spin-echo).
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Figure 3 | CASR-detected molecular NMR spectra. a, CASR FNP 
spectrum of trimethyl phosphate (blue circles; see inset for chemical 
structure). The fit (solid red line) indicates a splitting of ! f =  13 ±  1 Hz 
(indicated by the vertical dashed lines and arrows) due to scalar 
coupling (‘J-coupling’) between the central 31P nucleus and the methyl 
protons. The top axis shows the relative frequency (f!$ !fmid)/f0, where 
fmid!$ !f0 =  15,900 Hz is defined as the midpoint of the spectrum and 
f0 =  3.74 MHz is the central frequency of the CASR sequence. The 
signal averaging time was 3.3 #  104 s. b, CASR FNP spectrum of xylene 
(blue circles; see inset for chemical structure). The relative peak heights 
obtained from the fit (solid red lines) are due to the relative abundances of 

CH (left peak) and CH3 (right peak) protons in the molecule. The splitting 
of 5.3 ±  0.5 p.p.m. (or ! f =  20 ±  2 Hz) is the result of chemical shifts 
associated with the two proton positions (labelled H and H3). The signal 
averaging time was 3.3 #  104 s. c, Measured CASR FNP spectrum of ethyl 
formate (blue circles; see right inset for chemical structure). Individual 
peaks are identified with frequency differences of 2.7 ±  0.3 p.p.m. (or  
! f1 =  10 ±  1 Hz) and 2.7 ±  0.3 p.p.m. (or ! f2 =  16 ±  1 Hz), which 
correspond to the chemical shifts of the three proton groups (labelled H, 
H2 and H3). The inset shows a comparison between the measured (blue) 
and calculated (red) ethyl formate FNP spectra (offset for clarity). The 
signal averaging time was 3.5 #  104 s.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

➣ “CARS” sequence: NV readout synchronized 
onto the nuclear spin precession

spectral resolution ~ 1Hz ! 
➣ detection of scalar couplings and chemical

shifts in molecules outside diamond
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Scanning NV-magnetometry

➣ Principle

MW AFM tip

Objective

antenna

NV defect

Magnetic structure

« Quantitative and vectorial
(sensitivity ~ 1 µT/Hz-1/2)

« No magnetic back-action
« Operation from 4K to 300K
« Spatial resolution limited by the 

probe-to-sample distance d

Rondin et al., APL 100 (2012) Microscope 
objective

sample AFM tip

Rondin et al., APL 100 (2012), Nat Com. 4 (2013)
Balasubramanian et al., Nature 455 (2008 )

➣ Early experiments with nanodiamonds...

➣ ... now with all-diamond scanning probe tips

commercially
available since 2018

NA! 0.7). Microwave radiation for coherent NV spin manipulation
was applied using a gold bonding wire attached in proximity to the
NV centre (see Methods).

Figure 2a shows a confocal scan under green laser illumination
(excitation wavelength, 532 nm) of a typical single scanning NV
device. The bright photon emission emerging from the nanopillar
(white circle) originates from a single NV centre, as indicated by
the pronounced dip in the photon-autocorrelation measurement
(Fig. 2b) and the characteristic signature of optically detected NV
electron-spin resonance (ESR)15 (Fig. 2c), all obtained on the
same device. Importantly, we confirm that photon waveguiding
through the nanopillar18 persists despite the close proximity of the
NV to the tip of our fabricated nanopillar devices. For example,
the data in Fig. 2c were obtained at 100 mW excitation power
and demonstrate single NV counts approaching 2.2 ! 105

counts per second (c.p.s.)—an approximately fivefold increase in
detected fluorescence intensity compared to an NV observed
under similar conditions in an unpatterned diamond sample. We
thus significantly increase the fluorescence signal strength from
the scanning NV and at the same time minimize exposure of the
samples to green excitation light, which is especially relevant for
possible biological or low-temperature applications of the scanning
NV sensor.

Using well-established techniques for coherent NV-spin
manipulation20, we characterized the spin coherence time T2 of
the same NV centre studied so far. Spin-coherence sets the NV sen-
sitivity to magnetic fields and limits the number of coherent oper-
ations that can be performed on an NV spin; it is therefore an
essential figure of merit for applications in magnetic-field
imaging4 and quantum information processing9. Using a Hahn-
echo pulse sequence, we measured the characteristic single NV

coherence decay21 shown in Fig. 2d; from the decay envelope we
deduce a spin coherence time of T2! 74.8 ms. We note that this
T2 time is consistent4 with the density of implanted nitrogen ions
(3 ! 1011 cm22) and conclude that our device fabrication procedure
fully preserves NV spin coherence. Combining measurements of the
T2 time with the fluorescence count rate and NV spin readout con-
trast as obtained in Fig. 2, we obtain a maximal ‘a.c.’ magnetic field
sensitivity4 of 56 nT Hz21/2 at a frequency of 33 kHz and (based
on data in Fig. 2c) a ‘d.c.’ sensitivity of 6.0 mT Hz21/2. We note
that both a.c. and d.c. magnetic field sensitivities could be further
improved by using spin-decoupling sequences22 and optimized
parameters for spin readout23, respectively.

To characterize the resolving power of the scanning NV sensor,
we imaged a nanoscale magnetic memory medium consisting of bit
tracks of alternating (out-of-plane) magnetization with various bit
sizes. Figure 3 illustrates our method and results. The scanning
NV sensor operated in a mode that imaged contours of constant
magnetic field strength (BNV) along the NV axis through the con-
tinuous monitoring of red NV fluorescence, in the presence of an
ESR driving field of fixed frequency vMW and typical magnitude
BMW " 2 G (as determined from NV Rabi oscillations, not
shown). We detuned vMW by dMW from the bare NV spin transition
frequency vNV, but local magnetic fields due to the sample changed
this detuning during image acquisition. In particular, when local
fields brought the spin transition of the NV into resonance with
vMW, we observed a drop in NV fluorescence rate, which in the
image yielded a contour of constant of BNV! dMW/gNV, with
gNV! 2.8 MHz G21 being the NV gyromagnetic ratio. We simul-
taneously acquired two such images by applying radiofrequency
sidebands to vNV with dMW!+10 MHz (dark and bright arrows
in Fig. 3c). Normalization of the pixel values in the two data sets

AFM

Optical
addressingDiamond

probe

Sample
stage

a

Mask deposition + top-etch

Diamond

SiO2 mask

Mask deposition + bottom-etch

Single NV

NV

b

c

d

~1
0 

nm

~2 !m

Diamond
nanopillar

5 !m

10 !m

Figure 1 | Experimental set-up and probe fabrication for the scanning NV sensor. a, Schematic of the set-up, consisting of a combined optical and atomic
force microscope (AFM). We use a 532 nm laser (green arrows) to address the scanning NV centre through its red fluorescence (red arrows). The scanning
NV centre resides in a diamond nanopillar (inset) and its proximity to the sample is maintained by means of AFM feedback. b, SEM image of a single-
crystalline diamond nanopillar probe (false colour coded in red) with a single NV centre in its tip (see Fig. 2). c, Brief depiction of the fabrication process for
scanning single-crystalline diamond NV sensors. Electron-beam lithography is used to define nanopillars and platforms from the top and bottom sides of a
few-micrometre thin diamond membrane. Patterns are then transferred to the diamond by reactive ion etching. d, SEM image of a finalized array of diamond
platforms with nanopillars. In all panels, dotted rectangles highlight diamond nanopillars.
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NA! 0.7). Microwave radiation for coherent NV spin manipulation
was applied using a gold bonding wire attached in proximity to the
NV centre (see Methods).

Figure 2a shows a confocal scan under green laser illumination
(excitation wavelength, 532 nm) of a typical single scanning NV
device. The bright photon emission emerging from the nanopillar
(white circle) originates from a single NV centre, as indicated by
the pronounced dip in the photon-autocorrelation measurement
(Fig. 2b) and the characteristic signature of optically detected NV
electron-spin resonance (ESR)15 (Fig. 2c), all obtained on the
same device. Importantly, we confirm that photon waveguiding
through the nanopillar18 persists despite the close proximity of the
NV to the tip of our fabricated nanopillar devices. For example,
the data in Fig. 2c were obtained at 100 mW excitation power
and demonstrate single NV counts approaching 2.2 ! 105

counts per second (c.p.s.)—an approximately fivefold increase in
detected fluorescence intensity compared to an NV observed
under similar conditions in an unpatterned diamond sample. We
thus significantly increase the fluorescence signal strength from
the scanning NV and at the same time minimize exposure of the
samples to green excitation light, which is especially relevant for
possible biological or low-temperature applications of the scanning
NV sensor.

Using well-established techniques for coherent NV-spin
manipulation20, we characterized the spin coherence time T2 of
the same NV centre studied so far. Spin-coherence sets the NV sen-
sitivity to magnetic fields and limits the number of coherent oper-
ations that can be performed on an NV spin; it is therefore an
essential figure of merit for applications in magnetic-field
imaging4 and quantum information processing9. Using a Hahn-
echo pulse sequence, we measured the characteristic single NV

coherence decay21 shown in Fig. 2d; from the decay envelope we
deduce a spin coherence time of T2! 74.8 ms. We note that this
T2 time is consistent4 with the density of implanted nitrogen ions
(3 ! 1011 cm22) and conclude that our device fabrication procedure
fully preserves NV spin coherence. Combining measurements of the
T2 time with the fluorescence count rate and NV spin readout con-
trast as obtained in Fig. 2, we obtain a maximal ‘a.c.’ magnetic field
sensitivity4 of 56 nT Hz21/2 at a frequency of 33 kHz and (based
on data in Fig. 2c) a ‘d.c.’ sensitivity of 6.0 mT Hz21/2. We note
that both a.c. and d.c. magnetic field sensitivities could be further
improved by using spin-decoupling sequences22 and optimized
parameters for spin readout23, respectively.

To characterize the resolving power of the scanning NV sensor,
we imaged a nanoscale magnetic memory medium consisting of bit
tracks of alternating (out-of-plane) magnetization with various bit
sizes. Figure 3 illustrates our method and results. The scanning
NV sensor operated in a mode that imaged contours of constant
magnetic field strength (BNV) along the NV axis through the con-
tinuous monitoring of red NV fluorescence, in the presence of an
ESR driving field of fixed frequency vMW and typical magnitude
BMW " 2 G (as determined from NV Rabi oscillations, not
shown). We detuned vMW by dMW from the bare NV spin transition
frequency vNV, but local magnetic fields due to the sample changed
this detuning during image acquisition. In particular, when local
fields brought the spin transition of the NV into resonance with
vMW, we observed a drop in NV fluorescence rate, which in the
image yielded a contour of constant of BNV! dMW/gNV, with
gNV! 2.8 MHz G21 being the NV gyromagnetic ratio. We simul-
taneously acquired two such images by applying radiofrequency
sidebands to vNV with dMW!+10 MHz (dark and bright arrows
in Fig. 3c). Normalization of the pixel values in the two data sets
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Figure 1 | Experimental set-up and probe fabrication for the scanning NV sensor. a, Schematic of the set-up, consisting of a combined optical and atomic
force microscope (AFM). We use a 532 nm laser (green arrows) to address the scanning NV centre through its red fluorescence (red arrows). The scanning
NV centre resides in a diamond nanopillar (inset) and its proximity to the sample is maintained by means of AFM feedback. b, SEM image of a single-
crystalline diamond nanopillar probe (false colour coded in red) with a single NV centre in its tip (see Fig. 2). c, Brief depiction of the fabrication process for
scanning single-crystalline diamond NV sensors. Electron-beam lithography is used to define nanopillars and platforms from the top and bottom sides of a
few-micrometre thin diamond membrane. Patterns are then transferred to the diamond by reactive ion etching. d, SEM image of a finalized array of diamond
platforms with nanopillars. In all panels, dotted rectangles highlight diamond nanopillars.
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Here ||k1|| = 2!/!, r" denotes the coordinate in the BFO sample,  
while e k1 and eP are orthogonal unit vectors oriented along  
the cycloid propagation direction k1 and the ferroelectric polarization 
P, respectively (Fig. 4b). The uncompensated magnetic moment  
per Fe atom is given by "= /m m sin( 2)eff Fe c , where mFe = 4.1µB  
is the measured magnetic moment of Fe atoms in BFO at room  
temperature12 and "c is the canting angle between antiferromagneti-
cally coupled Fe atoms (Fig. 1b). This angle is directly deduced from 
the measured cycloid wavelength, leading to "c = 2° and meff = 0.07µB 
(Methods).

The Dzyaloshinskii–Moriya (DM) interaction resulting from  
the alternate rotation of the FeO6 octahedra along the [111] direction 
is another source of non-compensation of the magnetic moments  
in BFO21,27. In the homogeneous G-type state obtained at high  
magnetic fields (>20!T), this effect is known to generate a weak  
and uniform magnetization. In the cycloidal state, this magnetization 
is converted into a spin density wave (SDW) oscillating in the  
[112] direction, which leads to a periodic wriggling of the cycloidal 
plane28. As sketched in Fig. 4b, the SDW can be simply modelled by 
an additional uncompensated magnetization vector MDM = mDM/V 
such that:

! != # $m r k r e em( ) cos( )( ) (2)k PDM DM 1 1

The value of the SDW amplitude mDM remains a subject of debate. 
Although it is often considered to be small (about 0.03µB) or even  
negligible21, polarized neutron scattering studies have revealed a maxi-
mum amplitude of 0.09µB in bulk BFO28, which is slightly larger than 
the uncompensated moment meff due to the pure cycloid.

An analytical calculation of the stray field produced above the  
BFO sample is given in Methods. We postulate here that the mag-
netic structure generating the stray field is a wriggling cycloid as  
described elsewhere21,28. The magnetic potential # produced by 
the magnetization pattern M = MDM + Meff is first calculated using 
Fourier methods for a monolayer of the BFO sample29. The resulting 
magnetic field is given by Bm = %&# and the total field B produced 
at a distance z above the BFO sample surface is finally obtained by 
summing the contribution from each monolayer. In the laboratory 
frame, (x, y, z) (Extended Data Fig. 5), the stray field components 
are given by

'

(

))))

*
))))

=% # % #
= # % #

= # + #

%

%

%

A

A

A

r k r k r
r k r k r
r k r k r

B e C m C m
B e C m C m
B e C m C m

( ) [ cos( ) sin( )]
( ) [ cos( ) sin( )]
( ) 2 [ sin( ) cos( )]

(3)
x

k z

y
k z

z
k z

1 eff 1 2 DM 1

1 eff 1 2 DM 1

1 eff 1 2 DM 1

1

1

1

where = + /C 1 1 31 , = /C 2 62 , and

µ
=

+

,
-
-
%
%

.

/
0
0

1
2
333
4
5
666

%

%
A

V
ak

2
1 e
1 e

sinh
2

(4)
k t

k a
0 11

1

Here a is the thickness of a BFO monolayer and t the total thickness 
of the sample. These magnetic field components are then projected 
along the independently measured NV defect axis in order to obtain 
an analytical formula for BNV. This formula was used to perform a 
two-dimensional fit of the experimental data while using mDM as the 
only fitting parameter (Fig. 4c). A thorough analysis of uncertainties 
is given in Methods, including those related to (i) the fitting procedure 
itself, (ii) the probe-to-sample distance d, (iii) the cycloid wavelength !,  
(iv) the sample thickness t and (v) the NV defect orientation. This 
ana lysis leads to mDM = (0.16 ± 0.06)µB, where the overall uncer-
tainty of about 40% mainly results from the imperfect knowledge of 
the probe-to-sample distance (Extended Data Fig. 6c). We note that 
the stray field produced above the BFO sample also depends on the  
chirality of the spin cycloid29. Equation (3) is obtained for a spin cycloid 
with an anticlockwise chirality. A similar analysis performed for a  
clockwise chirality would lead to a larger amplitude of the SDW, 
mDM = (0.21 ± 0.08)µB (Methods). In both cases, our study suggests a 
DM interaction much stronger than all reported values in the literature. 
This result could be explained by considering that the DM interaction 
is enhanced by the abrupt broken inversion symmetry occurring at the 
sample surface and then propagated in the BFO thin film by exchange 
interaction. This observation opens many perspectives for studying 
emergent interface-induced magnetic interactions resulting from a 
local breaking of inversion symmetry.

The present results show new ways to unravel intriguing pheno-
mena occurring in multiferroic materials like BFO, ranging  
from magnetoelectric coupling5 and peculiar properties induced by 
surface symmetry breaking, to conduction and magnetotransport 
properties at ferroelectric domain walls19,30. In a broader perspec-
tive, NV magnetometry appears to be a unique tool for studying 
the antiferromagnetic order at the nanoscale. In this way, similar 
investigations could be extended to a myriad of non-collinear anti-
ferromagnetic materials, or to the domain walls of regular antiferro-
magnets, pointing the way towards the development of low-power 
spintronics16.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.

Received 24 January; accepted 18 July 2017.
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Figure 4 | Quantitative analysis of the spin cycloid magnetic texture. 
a,!Fully quantitative magnetic field distribution BNV recorded above the 
ferroelectric monodomain shown in Fig. 3a. b, Schematic representation 
of the spin density wave (SDW) corresponding to an uncompensated 
magnetic moment mDM (blue arrows) oscillating in the [112] direction, 
that is, perpendicular to both the ferroelectric polarization vector and k1. 
The uncompensated moment due to the pure cycloid meff is shown with 

black arrows. c, Linecut of the magnetic field distribution along the cycloid 
propagation direction (white dashed line in a). The black symbols are the 
experimental data with the standard error (s.e.) while the red solid line is 
the result of a fit using the analytical formula for the stray field produced 
by the BFO sample for d = 49 nm, meff = 0.07µB, ! = 70 nm, a = 0.396 nm 
and t = 32 nm. The only free parameter is mDM.
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observed here may be due to the much narrower channel used in our 
experiment (Methods).

To determine the kinematic viscosity v of the Dirac fluid and as a 
function of carrier density, we consider an electronic flow along the y 
direction in a 2D channel with |x|!"!W/2, where W is the channel width. 
Evaluating the electronic Navier–Stokes equation2, assuming a no-slip 
boundary condition Jy(x!=!±W/2)!=!0, gives the following current density 
and conductivity28,31
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Here E is the bias electrical field, n is the carrier density and the Gur-
zhi length D #!%# mr is a characteristic length that determines the scale 
of viscous effects. In the limit Dv!>>!W, Jy becomes the parabolic profile 
of ideal viscous flow, !
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Dv/W!>!0.3 are indistinguishable from an ideal viscous flow within 
experimental uncertainty, we estimate the lower bound on the Gurzhi 
length to be 0.3W for the profiles presented in this paper for 1-µm-wide 
channels. Accordingly, we then obtain bounds on v using equation!(2) 
and the measured conductivity. Figure!4b shows values for v as a func-
tion of carrier density corresponding to Dv/W!=!& and 0.3, which set 
the upper and lower bounds respectively for the Gurzhi length; as well 
as for Dv/W!=!0.5, which provides the median value. Near the CNP, where 
thermal energy kBT becomes comparable to or exceeds the Fermi 
energy E "v %n=F F , the kinematic viscosity v for the Dirac fluid is 
extracted from our measurement using a carrier density n obtained 
from EF(n)!=!kBT. Away from the CNP, at relatively large carrier density, 
our experiment gives v!'!0.1!m2!s$1, which is consistent with past trans-
port measurements performed in graphene at finite doping5,6. We note 
that a recent calculation based on kinetic theory17 compares very well 

with both our experimental result for the kinematic viscosity v in the 
Dirac fluid, as well as present and past measurements at finite carrier 
density (Fig.!4b). Note that this good agreement with existing theory 
does not extend to measurements on a wider channel (Methods), for 
which lmr/W is smaller and hence deviations from hydrodynamic behav-
iour may be expected, including, for example, discrepancies in Dv and v.  
For the narrow-channel (1!µm) results, we define the viscous scattering 
time as ! # v% /# F

2 and show the values of !v normalized by the Planckian 
time !" on the right vertical axis of Fig.!4b. !v is not necessarily the same 
as the particle–particle scattering time !pp, but is expected to be the 
same order of magnitude. The results for the viscous scattering time 
are consistent with the expectation for a quantum critical system, where 
the Planckian time sets the scale for scattering. On the basis of our 
result and the quantum critical scattering time !pp!=!5!" measured for 
a Dirac fluid11

, we estimate (Supplementary Information) !v!'!1–3!pp.
Lastly, Fig.!4c shows the shear viscosity &!=!nmv determined from our 

measurements, where m " n v= # / F is the carrier effective mass. The 
shear viscosity is normalized by the entropy density s0 of neutral gra-
phene at T!=!300!K, which we determined from the calculation in ref. 4. 
For an ‘ideal fluid’, this quantity reaches the conjectured lower bound 
&/s!=!"/(4#kB)!=!0.08"/kB. Close to the CNP, we observe &/s0!'!0.3–0.8"/kB, 
which lies between the theoretical value of 0.26"/kB for a Dirac fluid at 
300!K from ref. 4 and an experimental estimate of about 10"/kB for a 
Dirac fluid at about 100!K from ref. 18. We note that our value for &/s0 
near the CNP is comparable to the value of about 0.4"/kB obtained in 
cold atoms32 and ()0.5"/kB in quark gluon plasma33. Thus, our result 
adds a new data point for &/s in strongly interacting quantum matter, 
from a condensed-matter system, and highlights the trend of strongly 
interacting systems exhibiting &/s within an order of magnitude of the 
‘ideal fluid’ lower bound.

The observation of viscous flow of the Dirac fluid in room-temperature, 
high-mobility graphene indicates a coupling between the velocity field 
and electric current at the CNP, which enables current measurements 
to reveal the underlying hydrodynamic transport. Theoretically, it 
is known that a number of potential mechanisms may lead to such 
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Fig. 3 | Wide-field magnetic imaging of viscous electron flow in graphene. 
a, The 2D spatial distribution of Bx (left) and By (right) measured by wide-field 
NV vector magnetometry, for a source–drain current of 100!µA and NV 
ensemble imager located in positive z direction. Inset: optical image of device 
channel W!=!1!µm. Current is sourced from the top contact to the bottom-left 
contact. b, Vector (arrow) and amplitude (colour) plots of current density J(x, y) 

extracted from vector field measurement. In a and b, the grey outline denotes 
area covered by a metallic top-gate contact that obstructs light, and top/
bottom left black arrows indicate the direction of the bias from the source/
drain. c, Horizontal line-cut of b far away from drain, Jy(x, y!=!2.5!µm), measured 
at the CNP. Calculated diffraction-limited profiles of a uniform (black) and 
viscous (blue) flow are also shown.
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Applications of NV magnetometry

➣ Investigating condensed matter physics
Reviews: 

Casola et al., Nat. Rev. Mat. 3 (2018)

functional calculations (16, 34–37), predicting
an interplay between stacking order and inter-
layer exchange coupling in CrI3. Further study
is needed to elucidate the nature of the struc-
tural transition induced by the puncture and
the crystalline structure before the puncture.
The connection between crystal structure and

magnetism also offers an explanation for the

occurrence of magnetic domains in some of our
CrI3 samples. Figure 4A shows a representative
image of such domains on sample D2 (nine-layer
flake). Notably, the measured domain magnet-
izations only assume values close to integer mul-
tiples of smono

z ; i.e., sz ! nsmono
z , with n ! !. This

observation can be explained by spatial variations
(either in-plane or out-of-plane) in the interlayer

exchange coupling due to, for instance, local
changes in stacking order. Such variations would
result in regions with varying numbers of (anti)
ferromagnetically coupled CrI3 layers, consistent
with the observed domains. This domain forma-
tion mechanism would preserve the parity of n,
and we observe well-separated regions on the
sample where n is either even or odd (see out-
lines in Fig. 4A and histogram in Fig. 4B). The
removal or addition of a monolayer of CrI3 be-
tween these areas can explain this observation
and could have occurred during material exfolia-
tion or sample preparation.
In this study, we used scanning NV magne-

tometry to observe a direct connection between
structural and nanoscale magnetic ordering in
CrI3 and thereby address the question of why
few-layer CrI3 shows antiferromagnetic inter-
layer exchange coupling despite the bulk being
ferromagnetic. Our work establishes scanning
NV magnetometry as a powerful tool for ad-
dressing nanoscale magnetism in vdW crystals,
down to the limit of a single atomic layer. Such
direct, quantitative imaging and sensing is vital
to advance our understanding of these materials
and their development toward applications in
future spintronics devices (3, 5). Our approach is
general and may even be applied under ambient
conditions (3, 21) or to materials that have thus
far not been suitable for the application of optical
methods (38). Finally, the ability to perform NV
magnetometry on vdW magnets offers perspec-
tives for high-frequency sensing (39) of their
magnonic excitations (14, 38), which may enable
vdW-based atomic-scale platforms in magnonics
applications.
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Fig. 3. Interplay of structural and magnetic order in few-layer CrI3. (A) Overview image of
sample D2 (23), indicating the location of the puncture and the representative region sampled
subsequently.The data show normalized NVcounts acquired while a fixed-frequency microwave tone
was applied (23). (B) Enhanced magnetization observed in the nine-layer flake of sample D2 after
puncture of the CrI3 encapsulation. The puncture is located a few micrometers from the imaged
region [see (A)]. The faint background shows the (inverted) data from Fig. 2C for comparison. The
colorbar applies to all data. (C) Linecut of BNV across a representative edge of the punctured flake
(blue), indicating a magnetization sz ! (136.9 ± 0.4)mB/nm

2, which is close to the expected value for a
fully polarized nine-layer sample. For reference, the red trace shows the corresponding data from
before the puncture. (D) Raman spectra from the punctured flake and an unpunctured reference,
suggesting the concurrence of a structural transition with the magnetic transition.

Fig. 4. Magnetic domains in CrI3. (A) Spontaneously occurring magnetic domains observed
in the nine-layer flake of sampleD2.Themagnetization szwas found to be discretized in integermultiples
of the monolayer magnetization smono

z . Numbers indicate sz in multiples of smono
z , where positive (or

negative) values denotemagnetizations along the +z (or"z) direction. A clear separation of the flake into
regions of even and odd multiples of smono

z is observed. Even-numbered regions are assigned to a
missing or added monolayer (see text). Areas where no flake was present were false-colored in gray.
Dashed lines indicate the boundary between regions of even and oddmultiples of smono

z . (B) Histograms
of magnetization pixel values obtained in the odd- and even-numbered regions of the data in (A).
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A multimode quantum probe
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spin defects = highly versatile 
for quantum sensing

pellet has decreased by more than two orders
of magnitude.
To quantify this phase transition, we recon-

struct the full vector magnetic field produced
by the iron sample from the aforementioned
two-dimensional NVmagnetic resonancemaps
(Fig. 3, D to F). We then compare this informa-
tion with the expected field distribution at the
NV layer inside the culet, assuming the iron
pellet generates a dipole field (23). This en-
ables us to extract an effective dipole moment
as a function of applied pressure (Fig. 3G). To
identify the critical pressure, we fit the transi-
tion using a logistic function (23). This proce-
dure yields the transition atP ! 16:7 T 0:7 GPa
(Fig. 3J).
In addition to changes in the magnetic

behavior, another key signature of this first-
order transition is the presence of hysteresis.
We investigate this by slowly decompressing
the diamond anvil cell and monitoring the
dipole moment; the decompression transition
occurs at P ! 10:5 T 0:7 GPa (Fig. 3J), suggest-
ing a hysteresis width of !6 GPa, consistent
with a combination of intrinsic hysteresis and
finite shear stresses in the methanol/ethanol/
water pressure-transmitting medium (28).
Taking the average of the forward and back-
ward hysteresis pressures, we find a critical
pressure of Pc ! 13:6 T 3:6 GPa, in excellent
agreement with independent measurements
byMössbauer spectroscopy, wherePc " 12 GPa
(Fig. 3J) (28).
Next, we demonstrate the integration of our

platform into a cryogenic system, enabling us

to make spatially resolved in situ measure-
ments across the pressure-temperature (P-T )
phase diagram of materials. Specifically, we
investigate the magnetic P-T phase diagram
of the rare-earth element gadolinium (Gd)
up to pressures P " 8GPa and between tem-
peratures T = 25 to 340 K. Owing to an in-
terplay between localized 4f electrons and
mobile conduction electrons, Gd represents
an interesting playground for studying me-
tallic magnetism; in particular, the itinerant
electrons mediate RKKY-type interactions
between the local moments, which in turn
induce spin-polarization of the itinerant
electrons (29). Moreover, much like its rare-
earth cousins, Gd exhibits a series of pressure-
driven structural phase transitions from
hcp to samarium-type (Sm-type) to dou-
ble hcp (dhcp) (Fig. 4) (30). The interplay
between these different structural phases,
various types of magnetic ordering, and
metastable transition dynamics leads to a
complex magnetic P-T phase diagram that
remains the object of study to this day (29–31).
In analogy to our measurements of iron,

we monitor the magnetic ordering of a Gd
flake by using the NV’s ODMR spectra at
two different locations inside the culet:
close to and far away from the sample (the
latter to be used as a control) (fig. S15). Be-
cause of thermal contraction of the DAC
(which induces a change in pressure), each
experimental run traces a distinct non-
isobaric path through the P-T phase diagram
(Fig. 4C, blue curves). In addition to these

DC magnetometry measurements, we also
operate the NV sensors in a complementary
mode, i.e., as a noise spectrometer.
We begin by characterizing Gd’s well-

known ferromagnetic Curie transition at
ambient pressure, which induces a sharp
jump in the splitting of the NV resonances
at TC ! 292:2 T 0:1 K (Fig. 4D). As depicted
in Fig. 4A, upon increasing pressure, this
transition shifts to lower temperatures, and
consonant with its second-order nature (32),
we observe no hysteresis (Fig. 4A, inset); this
motivates us to fit the data and extract TC

by solving a regularized Landau free-energy
equation (23). Combining all of the low-
pressure data (Fig. 4C, red squares), we
find a linear decrease in the Curie temper-
ature at a rate dTC=dP ! "18:7 T 0:2 K/GPa,
consistent with prior studies using both DC
conductivity and AC-magnetic susceptibil-
ity (30). Unexpectedly, this linear decrease
extends well into the Sm-type phase. Upon
increasing pressure above !6 GPa (path [b]
in Fig. 4C), we observe the loss of ferro-
magnetic (FM) signal (Fig. 4B), indicating
a first-order structural transition into the
paramagnetic (PM) dhcp phase (30). In stark
contrast to the previous Curie transition,
there is no revival of a ferromagnetic signal
even after heating up (!315 K) and substan-
tially reducing the pressure (to < 0:1 GPa).
A few remarks are in order. The linear

decrease of TC well beyond the !2-GPa struc-
tural transition between hcp- and Sm-type is
consistent with the “sluggish” equilibration

Hsieh et al., Science 366, 1349–1354 (2019) 13 December 2019 3 of 6

Fig. 2. Full tensorial reconstruction of the stresses in a (111)-cut diamond
anvil. (A) Spatially resolved maps of the loading stress (left) and mean lateral
stress (right),s! ! 1

2 #sXX $ sYY%, across the culet surface. In the inner region, where
the culet surface contacts the pressure-transmitting medium (16:3:1 methanol/
ethanol/water), the loading stress is spatially uniform, whereas the lateral stress is
concentrated toward the center; this qualitative difference is highlighted by a linecut

(taken along the white-dashed line) of the two stresses (below), and reconstructed by
finite-element analysis (orange and purple dashed lines). The black pixels indicate
where the NV spectrum was obfuscated by the ruby microsphere. (B) Comparison
of all stress tensor components in the fluid-contact region at P ! 4:9 GPa and
P ! 13:6 GPa. At P ! 13:6 GPa, the pressure-transmitting medium has entered its
glassy phase, and we observe a spatial gradient in the loading stress sZZ (inset).
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What about other defects and materials? 



Many single defects already detected at single scale

21

studies on the qubit properties of the arsenic in silicon are desired. A
very interesting donor alternative in Si is bismuth (Bi). Although Bi
has a much lower solubility than P in Si, 209Bi offers a 20-dimensional
Hilbert space rather than a four-dimensional Hilbert space of 31P,
which has a great potential in quantum operations. It was experimen-
tally demonstrated that the Bi donor has similar coherence times like
P donor’s, and the nuclear spins can be coherently manipulated.417

Notably, group-III shallow acceptors in silicon, e.g., boron, which have
strong spin–orbit coupling, exhibit ultralong coherence times of 10ms
that can rival the best electron-spin qubits.418 The large spin–orbit
coupling may help to manipulate the qubit with electric fields instead
of magnetic fields, which is technologically much friendlier.

We note that it was a common belief that the relatively shallow
donors and acceptors in Si can be well understood by using the effec-
tive mass theory with some fitting parameters for the central cell cor-
rection and related empirical tight binding theory.419,420 In particular,
the electrostatic tuning of the hyperfine interaction between the elec-
tron spin and the P donor nuclear spin in an FET421 or the large
valley-orbit splitting in a silicon gated nanowire device422 could be
well understood with this picture. Ab initio theory predicted that the
former effect can be even significantly greater in a silicon nanowire
where the physical dimension of the silicon nanowire is reduced to the
quantum confinement regime,423 where the strain acting on the qubit
depends on the diameter and surface termination of the Si nanowire.
Recently, strain was applied to various donors in Si to tune the hyper-
fine coupling between the corresponding nuclear spin and the donor
spin.424 Although the empirical tight binding theory seemed to mostly
reproduce the experimental data, the ab initio theory may be needed

for accurate prediction, in particular, for the large donor ions. The
challenge for ab initio periodic cluster calculations is to accommodate
the defect (wavefunction) in a sufficiently large supercell or to apply
the appropriate scaling method to approach the isolated donor limit.

The spin-to-photon interface to create flying qubits in Si may be
realized by deep donors like chalcogen donors.425 For the prototypical
77Se! donor, lower bounds on the transition dipole moment and
excited-state lifetime were measured with long-lived spin at cryogenic
temperatures, enabling access to the strong coupling limit of cavity
quantum electrodynamics using the known silicon photonic resonator
technology and integrated silicon photonics.426,427

Another approach is to use deep fluorescent centers in Si to real-
ize quantum emitters. Erbium in Si emits light in the telecom wave-
length, which is an REI impurity in Si with optical transition between
the split 4f orbitals (e.g., Ref. 107). A hybrid approach was demon-
strated for the readout of the electron spin in which optical excitation
is used to change the charge state (conditional on its spin state) of an
erbium defect center in a SET, and this change is then detected electri-
cally.428 Recently, ensembles of G-centers and G-center-related single-
photon emitters were created in silicon by carbon implantation and
annealing.159,459 A G-center mostly emits at 1280nm (0.97 eV) wave-
length in the near-infrared region, as shown in Fig. 9, making it very
compelling for quantum telecommunication.429 The G-center has a
known ODMR signal with an S" 1 metastable state with singlet
ground and excited states (see Ref. 430 and references therein); thus,
this quantum emitter may act as a qubit or a quantum memory. A
combined deep level transient spectroscopy, PL, EPR, and ODMR
spectroscopy study strongly argued that G-center is a bistable form of

FIG. 9. The plots of quantum-coherent materials vs zero-phonon line emission (unit in nm). In the region of near-infrared light (700–2500 nm), there are two windows presented
as pink color (first biological window: 650–950 nm) and gray color (second biological window: 1000–1350 nm), which are important for in vivo imaging applications.436 The three
telecommunication operating wavelengths for fiber optic communication, namely, O-band (original), E-band (extended), and S-band (short), are presented as green, blue, and
orange colors, respectively. The ZPL values with unit in eV are shown in Table I. The color centers with unknown origin are not labeled. The symbol codes are the followings:
1D color center—purple square; 2D color center—purple triangle; 3D color center—yellow circle; coherent ensemble spin control—circle with blue arrows; and coherent single
spin control—circle with a single green arrow. In silicon, an oxygen-related center, C-center, has a ZPL at 1570 nm and the corresponding DW factor is 0.100435 besides a self-
interstitial-related color center, W-center, which has a ZPL energy at 1220 nm and the corresponding DW factor is #0.40.157 The C-center and W-center in silicon were
reported in neutron irradiated and annealed samples as ensembles157 and, thus, are not listed in Table I.
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