
The NV center in diamond: 
Spectroscopy at room temperature  

Optically detected magnetic 
resonance  

IQPS Lecture #2 - October 4th, 2017



Spectroscopy of the NV center

Combining the electron and spin 
degrees of freedom

• Since electrons are fermions, we must combine orbit and spin so that the 
total wave function is antisymmetric under the exchange of the particles. 

Ground state orbit

Available electrons will occupy the single electron orbitals we previously found

6 electrons for the negatively charged NV center
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Exercise:

Calculate/the/character/of/each/hole/representation/by/
considering/the/multiplication/of/each/hole/irreducible/
representations.

The/basis/of/each/irreducible/representation/can/be/calculated/
by/using/the/projective/operation/again./However,/now/just/
look/at/the/character/table/and/guess/the/two/hole/basis/for/
each/IR/representation.

Hint:/for/the/ground/state/electronic/conDiguration/you/need/to/
combine/the/basis {|xx⇤, |xy⇤, |yx⇤, |yy⇤}

Many electron representations

Group theory on the NV center

{|e
x

e
x

+ e
y

e
y

i,
|e

x

e
y

� e
y

e
x

i,
|e

x

e
y

+ e
y

e
x

i,
|e

x

e
x

� e
y

e
y

i}

Excited state orbit
{|ae

x

+ e
x

ai,
|ae

y

+ e
y

ai,
|ae

x

� e
x

ai,
|ae

y

� e
y

ai}

Available electrons will occupy the single electron orbitals we previously found

6 electrons for the negatively charged NV center

Double excited configuration

a�
1

a1

ex ey

a2

Ground state configuration

Excited state configuration

a�
1

a1

ex ey

a�
1

a1

ex ey

e2

ae

Exercise:

Calculate/the/character/of/each/hole/representation/by/
considering/the/multiplication/of/each/hole/irreducible/
representations.

The/basis/of/each/irreducible/representation/can/be/calculated/
by/using/the/projective/operation/again./However,/now/just/
look/at/the/character/table/and/guess/the/two/hole/basis/for/
each/IR/representation.

Hint:/for/the/ground/state/electronic/conDiguration/you/need/to/
combine/the/basis {|xx⇤, |xy⇤, |yx⇤, |yy⇤}

Many electron representations

Group theory on the NV center

⌦

Spin basis with 
NV quantization axis

e1/2 ⌦ e1/2

| "# + #"i triplet (S = 1,mS = 0)

| ""i triplet (S = 1,mS = 1)

| ##i triplet (S = 1,mS = �1)

• All singlet and triplet states have the same energy on each electronic 
configuration if spin-orbit and spin-spin interactions are not included

| "# � #"i singlet (S = 0,mS = 0)
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Level structure and polarization properties of the NV center
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Fig. 1.1 Single electron orbitals of the NV center. The nitrogen and three carbons surround-

ing the vacancy are shown, and the perspective is along the NV axis. The color scale roughly

represents the sign and occupation of each orbital.

1.2.1 Electronic states of the NV center

The negatively-charged NV center has six electrons, five of which are from the nitro-
gen and the three carbons surrounding the vacancy. They occupy the orbitals states
a01, a1, ex, ey, which are combinations of the four dangling bonds surrounding the va-
cancy that satisfy the symmetry imposed by the nuclear potential. They can be written
as

a01 = ↵
�1 + �2 + �3

3
+ ��n, (1.1)

a1 = �
�1 + �2 + �3

3
+ ↵�n, (1.2)

ex =
2�1 � �2 � �3p

6
, (1.3)

ey =
�2 � �3p

2
(1.4)

where �1, �2, �3 and �n are the dangling bonds from the three carbons and the
nitrogen, respectively. These orbitals transform as the irreducible representations of
the C3v group and have been extensively used by many authors (Loubser and Wyk,
1978; Goss et al., 1996; Lenef and Rand, 1996; Gali et al., 2008). They are schematically
illustrated in Figure 1.1 to give an idea of their symmetries. From these pictorial
representations, one can deduce that, for example, hey| ŷ · ~r |exi = hex| x̂ · ~r |exi =
�hey| x̂ · ~r |eyi 6= 0. This means that the |exi and |eyi states have permanent electric
dipole moments, which will become important later for understanding the electric
field sensitivity of the NV center’s excited states and spectral di↵usion of the optical
transitions. In addition, one also sees that ha| x̂ · ~r |exi = ha| ŷ · ~r |eyi 6= 0, which gives
rise to the transition dipole moments between the ground and excited states. These
properties will be discussed in more detail in the following sections.

In the ground state of the NV center, the a01 and a1 states, which are lowest
in energy, are filled by four electrons, as shown in Figure 1.2. The remaining two
electrons occupy the degenerate orbitals ex and ey. The orbitals ex and ey can be
viewed as p-type orbitals and e+ = �ex � iey, e� = ex � iey are analogous to p
states with definite orbital angular momentum. An antisymmetric combination of the
orbital states minimizes the Coulomb energy and results in a spin-triplet ground state
manifold

ha | ~x · ~̂r | e
x

i = ha | ~y · ~̂r | e
y

i 6= 0

h f | ~d · ~E | ii 6= 0

selection rule

for optical transition

What is the influence of
the electron spin ?  



Hamiltonian - Difference with atomic physics

H = H
spin�orbit

+H
spin�spin

+H
strain

• In alkali atoms, spin-orbit interaction is ~THz  
Total spin projection can be optically modified.

• In the NV center, spin-orbit coupling  split the excited 
orbitals by ~5 GHz.  
At low T, transitions that alter mS are allowed leading to 
spin-photon entanglement schemes. 

• At room temperature, phonons induce orbital averaging 
in the excited state or strain is the dominant 
perturbation.   

�! selection rule �mS = 0

�! 2 incoherent optical dipoles ? NV axis
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Optical polarization and luminescence
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Figure 1.4 : a, Spectres de résonance magnétique enregistrés à température ambiante pour un centre
NV unique en champ nul (courbe du haut) et en appliquant un champ magnétique d’amplitude B = 43 G
suivant l’axe du centre NV (courbe du bas). b, Evolution de la fréquence des résonances de spin en fonction
du champ magnétique dans le niveau fondamental (en noir) et dans le niveau excité (en rouge). Le flèche
bleue indique l’anti-croissement (LAC) des états de spins m

s

= 0 et m
s

= ≠1 dans l’état excité pour un
champ magnétique B ≥ 500 G.

le groupe de M. Lukin à Harvard ont démontré l’existence d’une autre configuration de niveaux en �
dans le régime de très faible contrainte (< 3 GHz), qui implique l’état A

1

et les états m
s

= ±1 du niveau
fondamental. Cette configuration en �, qui est assurée par les règles de sélection en polarisation de la
transition dipolaire électrique, a permis de mettre en œuvre des protocoles d’intrication spin/photon [41].
Notons pour conclure ce paragraphe que la contrainte peut être modifiée localement en appliquant un
champ électrique statique, permettant ainsi de modifier la structure du niveau excité de façon contrôlée
par e�et Stark [42].

1.2.2 Spectroscopie par résonance de spin

Nous avons également cherché à analyser d’éventuelles modifications de la structure du niveau excité
à température ambiante. Ceci peut être réalisé simplement par des mesures de résonance de spin. Comme
pour le niveau fondamental, l’excitation des transitions de spin électronique dans le niveau excité par
un champ micro-onde résonant doit se traduire par des modifications du niveau de photoluminescence
[cf. § 1.1.2]. Il est cependant nécessaire que le champ micro-onde soit su�samment intense pour permettre
des rotations de l’état de spin pendant la durée de vie du niveau excité (≥ 10 ns).

Un spectre de résonance magnétique typique enregistré pour un centre NV unique à température
ambiante est montré sur la figure 1.4a. En plus de la résonance de spin à 2.88 GHz caractéristique du
niveau fondamental, le spectre indique sans ambiguité un signal de résonance additionnel à 1.42 GHz.
En étudiant l’évolution spectrale de cette résonance en fonction d’un champ magnétique statique, nous
avons pu conclure qu’elle correspond à l’excitation d’un état triplet de spin, lequel présente le même
rapport gyromagnétique que celui du niveau fondamental [Fig. 1.4b]. En séparant temporellement les

14

2.88 GHz

1.42 GHz

�
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S
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1024 nm
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Room temperature • 3E excited state: ⌧ ' 13 ns

• 1A1 metastable level: ⌧ ' 200 ns
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Eq. (10), with ! and "∞
p "∞

c as fitting parameters [Figs. 3(a)
and 3(b)]. On the other hand, the ESR linewidth decreases
both with the microwave and the optical pumping power,
as expected from usual power broadening. Once again the
measurements are in reasonable agreement with the model
as illustrated by data fitting using Eq. (11) with "∞

p and
"∞

c as fitting parameters [Figs. 3(c) and 3(d)]. Although the
simplified model of the NV-defect spin dynamics developed
in this study does not allow to extract precise values of the
photophysical parameters, the results of the fits give on average
"∞

p = (6 ± 2) × 106 s−1 and "∞
c = (8 ± 2) × 107 s−1, which

are of good order of magnitude as discussed in the previous
section. The two-level toy model is thus sufficient to explain
the behavior of the ESR contrast and linewidth as a function
of the microwave and the optical pumping power.

According to Eq. (3), the last parameter required to infer the
magnetic field sensitivity ηB is the rate of detected photons,
R. This parameter follows a saturation behavior

R = R∞ s

1 + s
, (12)

where R∞ is the rate of detected photons at saturation. In our
experimental setup, we measuredR∞ = 250 × 103 counts.s−1

for single NV defects with a typical saturation power Psat ≈
250 µW (data not shown).

From this set of measurements, the magnetic field sensitiv-
ity ηB was estimated using Eq. (3) [Figs. 3(e) and 3(f)]. The
results show that the sensitivity improves toward an optimum
when the microwave and the optical pumping power decrease.
Further lowering of these parameters then degrades the
sensitivity because (i) the rate of detected photons decreases
with the optical pumping power and (ii) the contrast quickly
decreases with the microwave power. Using the values of "∞

p ,
"∞

c , !, and R∞ previously obtained, we can finally compute
a two-dimensional plot of the magnetic field sensitivity, as
shown in Fig. 3(g). An optimal sensitivity ηB ≈ 2 µT/

√
Hz

is obtained, which corresponds to the best sensitivity that
can be achieved by using continuous optically detected ESR
spectroscopy of single NV defects in a high-purity CVD-
grown diamond crystal.

III. MAGNETIC FIELD SENSITIVITY USING
PULSED-ESR SPECTROSCOPY

We now demonstrate a simple method allowing to fully
eliminate power broadening of the ESR linewidth while
preserving a high contrast, thus enhancing the magnetic field
sensitivity. For that purpose, we first analyze the time-resolved
PL during a read out laser pulse for a single NV defect initially
prepared either in state |0 ⟩ by optical pumping or in state
|1 ⟩ by applying an additional resonant microwave π pulse
[Fig. 4(a)]. If the initial state is |0 ⟩, a high PL signal is
initially observed which decays to a steady-state value for
which some populations are trapped in the metastable state
owing to residual ISC to the metastable state from the ms = 0
excited state [Fig. 1(a)]. We note that such processes were
not taken into account in the model discussed in the previous
section. In order to predict precisely the spin dependence of
time-resolved PL, a five-level model of the NV defect has to
be developed, as described in the literature.27,31 If the initial
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FIG. 4. (Color online) (a) Time-resolved PL response of a single

NV defect initially prepared either in the |0 ⟩ state (upper trace in red)
or in the |1 ⟩ state (lower trace in blue). Preparation in |0 ⟩ is done by
optical pumping with a 2-µs laser pulse. A subsequent resonant MW
π pulse (50 ns) is applied for initialization in the |1 ⟩ state. The time
binning is 1 ns. (b) ESR contrast C(T ) as a function of the integration
time T .

state is |1 ⟩, the time-resolved PL signal rapidly decays to a low
level owing to fast ISC to the metastable state [Fig. 1(a)]. Since
the metastable state preferentially decays to the |0 ⟩ state, the
low PL level then decays toward the steady-state value within
the metastable state lifetime.

We note N0(T ) (respectively N1(T )), the total number of
collected photons during an integration time T for a single NV
defect initially prepared in state |0 ⟩ (respectively |1 ⟩). The
effective signal used to discriminate between the different spin
sublevels is given by S(T ) = N0(T ) − N1(T ). In particular,
the ESR contrast C(T ) is defined by

C(T ) = N0(T ) − N1(T )
N0(T )

. (13)

Since the signal S(T ) saturates when spin populations reach
their steady-state values, the ESR contrast decreases for an
integration time longer than the metastable state lifetime
[Fig. 4(b)].

According to this result, power broadening can be fully
eliminated in ESR spectra by performing pulsed ESR in dark
conditions with the simple sequence depicted in Fig. 5(a).
A microwave π pulse is followed by a laser pulse used both
for spin-state readout with a high contrast and to achieve an
efficient preparation of the NV defect in the |0 ⟩ state for the
next microwave π pulse. The duration of the read-out laser
pulse was set to TL = 300 ns and each laser pulse was followed
by a 1-µs waiting time in order to ensure the relaxation of
steady-state populations trapped in the metastable state toward
the ground state |0 ⟩ before applying the next microwave
π pulse. ESR spectra were then recorded by continuously
repeating the sequence while sweeping the π -pulse frequency
and recording the PL intensity [Fig. 5(b)]. Since spin rotations
are induced in dark conditions, power broadening from the
laser is fully canceled and the optical power can be set above
the NV-defect saturation (s > 1).

In this experiment, the ESR linewidth is given by the Fourier
transform of the product of the π -pulse rectangular-shaped
profile of duration Tπ by the inhomogeneous Gaussian profile
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** Edmonds, et al., Phys. Rev. B 86, 035201 (2012).
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(111)	–	oriented	diamond	growth
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ESR	shift	measurement

 

NV center orientation discrimination 
by ESR shift measurements
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Orientation	analysis	(111)-oriented	sample
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an inhomogeneous magnetic field with a known field gradient, the
defect can be used as a magneto-optical spin marker for suboptical-
wavelength tagged imaging. As a demonstration, two-dimensional
spin imaging experiments were performed using a single nitrogen-
vacancy centre and the highly inhomogeneous magnetic field pro-
duced by themagnetic tip of an atomic forcemicroscope (AFM). The
experimental set-up is shown in Fig. 2a. A commercial AFM was
combined with a confocal microscope. The magnetic probe, com-
monly used in magnetic force microscopy, consists of a sharp silicon
tip coated with 30 nm of magnetic material: the exact magnetic field
profile of the cantilever is not known a priori, and must be deter-
mined. For this, we have used our single-spin nitrogen-vacancy mag-
netometer. The magnetic cantilever was first placed at a known
distance from the diamond nanocrystal, and the magnetic field
experienced by the single nitrogen-vacancy centre was recorded in
steps (corresponding to several hundred nanometre displacements of
the cantilever) by acquiring ESR spectra such as those in Fig. 1f at
each location. The experimentally obtained data points were then
fitted using a Lorentzian function, inferred from numerical simu-
lation of the field created by the cantilever (Fig. 2b). This gives the
magnetic field profile of the cantilever in one dimension. Similarly,
the profile along an orthogonal axis is recorded to give the

two-dimensional profile as well as the exact position of the nitro-
gen-vacancy centre.

To visualize the resolving power of our gradient imaging tech-
nique, the magnetic cantilever was scanned in the vicinity of a nano-
crystal containing a single nitrogen-vacancy defect while
simultaneously exciting with a fixed-frequency microwave field.
When a confocal image is acquired, each point of the optical image
corresponds to a well-defined magnetic field value (as measured in
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Figure 1 | Nitrogen-vacancy defect in diamond. a, Structure and energy
level scheme of the nitrogen-vacancy (NV) defect in diamond. Optical
pumping initializes the centre into the ms5 0 spin state via spin selective
shelving into the metastable singlet state, 1A. This state decays preferentially
into thems5 0 sublevel of the ground state, leading to optically induced spin
polarization (more than.90% at room temperature). c, d, Simultaneously
acquired optical (c) and AFM (d) image of diamond nanocrystals containing
single nitrogen-vacancy defects. e, Fluorescence autocorrelation function,
confirming that the nanocrystal contains a single nitrogen-vacancy defect.
The contrast of g2(t) at zero delay time scales as 1/N, whereN is the number
of emitters. f, Optically detected magnetic resonance spectra for a single
nitrogen-vacancy defect at increasing magnetic field (from bottom to top).
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Figure 2 | Gradient imaging with single spins. a, Two-dimensional imaging
is achieved using a field gradient created by a magnetic cantilever. b, The
experimental profile of the cantilever’s magnetic field for two orthogonal
axes. The magnetic tip was placed at several points parallel to the blue lines,
and the ESR spectra were measured. The calculated (fitted) magnetic field
profile allows estimation of the location of the single nitrogen-vacancy
centre (shown in the AFM topography). c, Two-dimensional magnetic
resonance image of a single nitrogen-vacancy centre, showing resonance
rings corresponding to a magnetic field of 3mT (resonance frequency of
2,780MHz). Inset, an enlarged section of a ring with a width of
approximately 5 nm.
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Magnetic resonance imaging and optical microscopy are key tech-
nologies in the life sciences. Formicrobiological studies, especially
of the inner workings of single cells, optical microscopy is norm-
ally used because it easily achieves resolution close to the optical
wavelength. But in conventionalmicroscopy, diffraction limits the
resolution to about half the wavelength. Recently, it was shown
that this limit can be partly overcome by nonlinear imaging tech-
niques1,2, but there is still a barrier to reaching themolecular scale.
In contrast, in magnetic resonance imaging the spatial resolution
is not determined by diffraction; rather, it is limited by magnetic
field sensitivity, and so can in principle go well below the optical
wavelength. The sensitivity of magnetic resonance imaging has
recently been improved enough to image single cells3,4, and mag-
netic resonance force microscopy5 has succeeded in detecting sin-
gle electrons6 and small nuclear spin ensembles7. However, this
technique currently requires cryogenic temperatures, which limit
most potential biological applications8. Alternatively, single-elec-
tron spin states can be detected optically9,10, even at room temper-
ature in some systems11–14. Here we show how magneto-optical
spin detection can be used to determine the location of a spin
associated with a single nitrogen-vacancy centre in diamond with
nanometre resolution under ambient conditions. By placing these
nitrogen-vacancy spins in functionalized diamond nanocrystals,
biologically specific magnetofluorescent spin markers can be pro-
duced. Significantly, we show that this nanometre-scale resolution
can be achieved without any probes located closer than typical cell
dimensions. Furthermore, we demonstrate the use of a single dia-
mond spin as a scanning probe magnetometer to map nanoscale
magnetic field variations. The potential impact of single-spin
imaging at room temperature is far-reaching. It could lead to the
capability to probe biologically relevant spins in living cells.

The nitrogen-vacancy centre in diamond is a unique solid state
system that allows ultrasensitive and rapid detection of single elec-
tronic spin states under ambient conditions12. The nitrogen-vacancy
defect is a naturally occurring impurity that is responsible for the
pink colouration of diamond crystals when present in high concen-
tration. It was demonstrated that this colour centre can be produced
in diamond nanocrystals by electron irradiation. Fluorescing nitro-
gen-vacancy diamond nanocrystals can be used as markers for bioi-
maging applications15. Such markers have attracted widespread
interest because of their unprecedented photostability and non-tox-
icity16,17. It was recognized recently that the magnetic properties of
such fluorescent labels can in principle be used for novel micro-
scopy18,19. Here we demonstrate the realization of a magneto-optic

microscope using nitrogen-vacancy diamond as the magnetic fluor-
escent label that moreover does not bleach or blink.

Figure 1c and d show the fluorescence and atomic force micro-
scope image of nanocrystals containing nitrogen-vacancy defects. By
careful choice of irradiation doses, we were able to control the num-
ber of nitrogen-vacancy centres per nanocrystal. The particular sam-
ple presented in Fig. 1 has on average a single nitrogen-vacancy defect
per 40 nm nanocrystal (confirmed by fluorescence correlation mea-
surements, Fig. 1e).

The energy level scheme and structure of the nitrogen-vacancy
defect is shown in Fig. 1a and b. Two out of six electrons of the centre
are unpaired, forming an electron spin triplet in the electronic
ground and first excited state. Broadband optical excitation of the
centre polarizes it by optical pumping into the ms5 0 spin sublevel.
Laser-assisted detection of the spin state of a single nitrogen-vacancy
centre makes use of differences in the absorption and emission prop-
erties of the spin sublevels. Specifically, the spin sublevel with mag-
netic quantum number ms5 0 (bright state) scatters ,30% more
photons than ms561 states. Hence, when a resonant microwave
field induces magnetic dipole transitions between these electronic
spin sublevels, it destroys the optically pumped spin polarization,
resulting in a significant decrease of the nitrogen-vacancy centre
fluorescence. An example of such an optically detected electron spin
resonance (ESR) spectrum of a single nitrogen-vacancy electronic
spin is shown in Fig. 1f.

The spin Hamiltonian of the nitrogen-vacancy defect (neglecting
electron–nuclear spin coupling) canbewritten as the sumof zero-field

and Zeeman terms, H~D S2z{(1=3) S Sz1ð Þ½ $
! "

zE S2x{S2y
# $

z

gmBB:S, where D and E are zero-field splitting parameters, S5 1, mB
is the Bohrmagneton and g is the electron g-factor (g5 2.0). Owing to
the magnetic dipole interaction between the two unpaired electrons
even at zero externalmagnetic field, the sublevelsms5 0 andms561
are separated (D5 2,870MHz). Owing to symmetry, the ms561
sublevels of the nitrogen-vacancy defect are degenerate at zero mag-
netic field (E5 0), resulting in a single resonance line appearing in the
ESR spectrum (Fig. 1f). An external magnetic field lifts the degeneracy
ofms561, leading to the appearance of two lines. By measuring the
positions of the ESR resonances v1 and v2, it is possible to calculate
the magnitude of the external field B according to gmBð Þ2~
(1=3) v2

1zv2
2{v1v2{D2

! "
{E2 (see Methods for details).

From the above-mentioned relations, it can be seen that, when
combined with nano-positioning instrumentation, the single spin
associated with a nitrogen-vacancy defect can be used as an atom-
sized scanning probe vectormagnetometer. Similarly, when placed in
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an inhomogeneous magnetic field with a known field gradient, the
defect can be used as a magneto-optical spin marker for suboptical-
wavelength tagged imaging. As a demonstration, two-dimensional
spin imaging experiments were performed using a single nitrogen-
vacancy centre and the highly inhomogeneous magnetic field pro-
duced by themagnetic tip of an atomic forcemicroscope (AFM). The
experimental set-up is shown in Fig. 2a. A commercial AFM was
combined with a confocal microscope. The magnetic probe, com-
monly used in magnetic force microscopy, consists of a sharp silicon
tip coated with 30 nm of magnetic material: the exact magnetic field
profile of the cantilever is not known a priori, and must be deter-
mined. For this, we have used our single-spin nitrogen-vacancy mag-
netometer. The magnetic cantilever was first placed at a known
distance from the diamond nanocrystal, and the magnetic field
experienced by the single nitrogen-vacancy centre was recorded in
steps (corresponding to several hundred nanometre displacements of
the cantilever) by acquiring ESR spectra such as those in Fig. 1f at
each location. The experimentally obtained data points were then
fitted using a Lorentzian function, inferred from numerical simu-
lation of the field created by the cantilever (Fig. 2b). This gives the
magnetic field profile of the cantilever in one dimension. Similarly,
the profile along an orthogonal axis is recorded to give the

two-dimensional profile as well as the exact position of the nitro-
gen-vacancy centre.

To visualize the resolving power of our gradient imaging tech-
nique, the magnetic cantilever was scanned in the vicinity of a nano-
crystal containing a single nitrogen-vacancy defect while
simultaneously exciting with a fixed-frequency microwave field.
When a confocal image is acquired, each point of the optical image
corresponds to a well-defined magnetic field value (as measured in
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Figure 1 | Nitrogen-vacancy defect in diamond. a, Structure and energy
level scheme of the nitrogen-vacancy (NV) defect in diamond. Optical
pumping initializes the centre into the ms5 0 spin state via spin selective
shelving into the metastable singlet state, 1A. This state decays preferentially
into thems5 0 sublevel of the ground state, leading to optically induced spin
polarization (more than.90% at room temperature). c, d, Simultaneously
acquired optical (c) and AFM (d) image of diamond nanocrystals containing
single nitrogen-vacancy defects. e, Fluorescence autocorrelation function,
confirming that the nanocrystal contains a single nitrogen-vacancy defect.
The contrast of g2(t) at zero delay time scales as 1/N, whereN is the number
of emitters. f, Optically detected magnetic resonance spectra for a single
nitrogen-vacancy defect at increasing magnetic field (from bottom to top).
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Figure 2 | Gradient imaging with single spins. a, Two-dimensional imaging
is achieved using a field gradient created by a magnetic cantilever. b, The
experimental profile of the cantilever’s magnetic field for two orthogonal
axes. The magnetic tip was placed at several points parallel to the blue lines,
and the ESR spectra were measured. The calculated (fitted) magnetic field
profile allows estimation of the location of the single nitrogen-vacancy
centre (shown in the AFM topography). c, Two-dimensional magnetic
resonance image of a single nitrogen-vacancy centre, showing resonance
rings corresponding to a magnetic field of 3mT (resonance frequency of
2,780MHz). Inset, an enlarged section of a ring with a width of
approximately 5 nm.
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an inhomogeneous magnetic field with a known field gradient, the
defect can be used as a magneto-optical spin marker for suboptical-
wavelength tagged imaging. As a demonstration, two-dimensional
spin imaging experiments were performed using a single nitrogen-
vacancy centre and the highly inhomogeneous magnetic field pro-
duced by themagnetic tip of an atomic forcemicroscope (AFM). The
experimental set-up is shown in Fig. 2a. A commercial AFM was
combined with a confocal microscope. The magnetic probe, com-
monly used in magnetic force microscopy, consists of a sharp silicon
tip coated with 30 nm of magnetic material: the exact magnetic field
profile of the cantilever is not known a priori, and must be deter-
mined. For this, we have used our single-spin nitrogen-vacancy mag-
netometer. The magnetic cantilever was first placed at a known
distance from the diamond nanocrystal, and the magnetic field
experienced by the single nitrogen-vacancy centre was recorded in
steps (corresponding to several hundred nanometre displacements of
the cantilever) by acquiring ESR spectra such as those in Fig. 1f at
each location. The experimentally obtained data points were then
fitted using a Lorentzian function, inferred from numerical simu-
lation of the field created by the cantilever (Fig. 2b). This gives the
magnetic field profile of the cantilever in one dimension. Similarly,
the profile along an orthogonal axis is recorded to give the

two-dimensional profile as well as the exact position of the nitro-
gen-vacancy centre.

To visualize the resolving power of our gradient imaging tech-
nique, the magnetic cantilever was scanned in the vicinity of a nano-
crystal containing a single nitrogen-vacancy defect while
simultaneously exciting with a fixed-frequency microwave field.
When a confocal image is acquired, each point of the optical image
corresponds to a well-defined magnetic field value (as measured in
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Figure 1 | Nitrogen-vacancy defect in diamond. a, Structure and energy
level scheme of the nitrogen-vacancy (NV) defect in diamond. Optical
pumping initializes the centre into the ms5 0 spin state via spin selective
shelving into the metastable singlet state, 1A. This state decays preferentially
into thems5 0 sublevel of the ground state, leading to optically induced spin
polarization (more than.90% at room temperature). c, d, Simultaneously
acquired optical (c) and AFM (d) image of diamond nanocrystals containing
single nitrogen-vacancy defects. e, Fluorescence autocorrelation function,
confirming that the nanocrystal contains a single nitrogen-vacancy defect.
The contrast of g2(t) at zero delay time scales as 1/N, whereN is the number
of emitters. f, Optically detected magnetic resonance spectra for a single
nitrogen-vacancy defect at increasing magnetic field (from bottom to top).
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Figure 2 | Gradient imaging with single spins. a, Two-dimensional imaging
is achieved using a field gradient created by a magnetic cantilever. b, The
experimental profile of the cantilever’s magnetic field for two orthogonal
axes. The magnetic tip was placed at several points parallel to the blue lines,
and the ESR spectra were measured. The calculated (fitted) magnetic field
profile allows estimation of the location of the single nitrogen-vacancy
centre (shown in the AFM topography). c, Two-dimensional magnetic
resonance image of a single nitrogen-vacancy centre, showing resonance
rings corresponding to a magnetic field of 3mT (resonance frequency of
2,780MHz). Inset, an enlarged section of a ring with a width of
approximately 5 nm.
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Magnetic resonance imaging and optical microscopy are key tech-
nologies in the life sciences. Formicrobiological studies, especially
of the inner workings of single cells, optical microscopy is norm-
ally used because it easily achieves resolution close to the optical
wavelength. But in conventionalmicroscopy, diffraction limits the
resolution to about half the wavelength. Recently, it was shown
that this limit can be partly overcome by nonlinear imaging tech-
niques1,2, but there is still a barrier to reaching themolecular scale.
In contrast, in magnetic resonance imaging the spatial resolution
is not determined by diffraction; rather, it is limited by magnetic
field sensitivity, and so can in principle go well below the optical
wavelength. The sensitivity of magnetic resonance imaging has
recently been improved enough to image single cells3,4, and mag-
netic resonance force microscopy5 has succeeded in detecting sin-
gle electrons6 and small nuclear spin ensembles7. However, this
technique currently requires cryogenic temperatures, which limit
most potential biological applications8. Alternatively, single-elec-
tron spin states can be detected optically9,10, even at room temper-
ature in some systems11–14. Here we show how magneto-optical
spin detection can be used to determine the location of a spin
associated with a single nitrogen-vacancy centre in diamond with
nanometre resolution under ambient conditions. By placing these
nitrogen-vacancy spins in functionalized diamond nanocrystals,
biologically specific magnetofluorescent spin markers can be pro-
duced. Significantly, we show that this nanometre-scale resolution
can be achieved without any probes located closer than typical cell
dimensions. Furthermore, we demonstrate the use of a single dia-
mond spin as a scanning probe magnetometer to map nanoscale
magnetic field variations. The potential impact of single-spin
imaging at room temperature is far-reaching. It could lead to the
capability to probe biologically relevant spins in living cells.

The nitrogen-vacancy centre in diamond is a unique solid state
system that allows ultrasensitive and rapid detection of single elec-
tronic spin states under ambient conditions12. The nitrogen-vacancy
defect is a naturally occurring impurity that is responsible for the
pink colouration of diamond crystals when present in high concen-
tration. It was demonstrated that this colour centre can be produced
in diamond nanocrystals by electron irradiation. Fluorescing nitro-
gen-vacancy diamond nanocrystals can be used as markers for bioi-
maging applications15. Such markers have attracted widespread
interest because of their unprecedented photostability and non-tox-
icity16,17. It was recognized recently that the magnetic properties of
such fluorescent labels can in principle be used for novel micro-
scopy18,19. Here we demonstrate the realization of a magneto-optic

microscope using nitrogen-vacancy diamond as the magnetic fluor-
escent label that moreover does not bleach or blink.

Figure 1c and d show the fluorescence and atomic force micro-
scope image of nanocrystals containing nitrogen-vacancy defects. By
careful choice of irradiation doses, we were able to control the num-
ber of nitrogen-vacancy centres per nanocrystal. The particular sam-
ple presented in Fig. 1 has on average a single nitrogen-vacancy defect
per 40 nm nanocrystal (confirmed by fluorescence correlation mea-
surements, Fig. 1e).

The energy level scheme and structure of the nitrogen-vacancy
defect is shown in Fig. 1a and b. Two out of six electrons of the centre
are unpaired, forming an electron spin triplet in the electronic
ground and first excited state. Broadband optical excitation of the
centre polarizes it by optical pumping into the ms5 0 spin sublevel.
Laser-assisted detection of the spin state of a single nitrogen-vacancy
centre makes use of differences in the absorption and emission prop-
erties of the spin sublevels. Specifically, the spin sublevel with mag-
netic quantum number ms5 0 (bright state) scatters ,30% more
photons than ms561 states. Hence, when a resonant microwave
field induces magnetic dipole transitions between these electronic
spin sublevels, it destroys the optically pumped spin polarization,
resulting in a significant decrease of the nitrogen-vacancy centre
fluorescence. An example of such an optically detected electron spin
resonance (ESR) spectrum of a single nitrogen-vacancy electronic
spin is shown in Fig. 1f.

The spin Hamiltonian of the nitrogen-vacancy defect (neglecting
electron–nuclear spin coupling) canbewritten as the sumof zero-field

and Zeeman terms, H~D S2z{(1=3) S Sz1ð Þ½ $
! "

zE S2x{S2y
# $

z

gmBB:S, where D and E are zero-field splitting parameters, S5 1, mB
is the Bohrmagneton and g is the electron g-factor (g5 2.0). Owing to
the magnetic dipole interaction between the two unpaired electrons
even at zero externalmagnetic field, the sublevelsms5 0 andms561
are separated (D5 2,870MHz). Owing to symmetry, the ms561
sublevels of the nitrogen-vacancy defect are degenerate at zero mag-
netic field (E5 0), resulting in a single resonance line appearing in the
ESR spectrum (Fig. 1f). An external magnetic field lifts the degeneracy
ofms561, leading to the appearance of two lines. By measuring the
positions of the ESR resonances v1 and v2, it is possible to calculate
the magnitude of the external field B according to gmBð Þ2~
(1=3) v2

1zv2
2{v1v2{D2

! "
{E2 (see Methods for details).

From the above-mentioned relations, it can be seen that, when
combined with nano-positioning instrumentation, the single spin
associated with a nitrogen-vacancy defect can be used as an atom-
sized scanning probe vectormagnetometer. Similarly, when placed in
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an inhomogeneous magnetic field with a known field gradient, the
defect can be used as a magneto-optical spin marker for suboptical-
wavelength tagged imaging. As a demonstration, two-dimensional
spin imaging experiments were performed using a single nitrogen-
vacancy centre and the highly inhomogeneous magnetic field pro-
duced by themagnetic tip of an atomic forcemicroscope (AFM). The
experimental set-up is shown in Fig. 2a. A commercial AFM was
combined with a confocal microscope. The magnetic probe, com-
monly used in magnetic force microscopy, consists of a sharp silicon
tip coated with 30 nm of magnetic material: the exact magnetic field
profile of the cantilever is not known a priori, and must be deter-
mined. For this, we have used our single-spin nitrogen-vacancy mag-
netometer. The magnetic cantilever was first placed at a known
distance from the diamond nanocrystal, and the magnetic field
experienced by the single nitrogen-vacancy centre was recorded in
steps (corresponding to several hundred nanometre displacements of
the cantilever) by acquiring ESR spectra such as those in Fig. 1f at
each location. The experimentally obtained data points were then
fitted using a Lorentzian function, inferred from numerical simu-
lation of the field created by the cantilever (Fig. 2b). This gives the
magnetic field profile of the cantilever in one dimension. Similarly,
the profile along an orthogonal axis is recorded to give the

two-dimensional profile as well as the exact position of the nitro-
gen-vacancy centre.

To visualize the resolving power of our gradient imaging tech-
nique, the magnetic cantilever was scanned in the vicinity of a nano-
crystal containing a single nitrogen-vacancy defect while
simultaneously exciting with a fixed-frequency microwave field.
When a confocal image is acquired, each point of the optical image
corresponds to a well-defined magnetic field value (as measured in
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Figure 1 | Nitrogen-vacancy defect in diamond. a, Structure and energy
level scheme of the nitrogen-vacancy (NV) defect in diamond. Optical
pumping initializes the centre into the ms5 0 spin state via spin selective
shelving into the metastable singlet state, 1A. This state decays preferentially
into thems5 0 sublevel of the ground state, leading to optically induced spin
polarization (more than.90% at room temperature). c, d, Simultaneously
acquired optical (c) and AFM (d) image of diamond nanocrystals containing
single nitrogen-vacancy defects. e, Fluorescence autocorrelation function,
confirming that the nanocrystal contains a single nitrogen-vacancy defect.
The contrast of g2(t) at zero delay time scales as 1/N, whereN is the number
of emitters. f, Optically detected magnetic resonance spectra for a single
nitrogen-vacancy defect at increasing magnetic field (from bottom to top).
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Figure 2 | Gradient imaging with single spins. a, Two-dimensional imaging
is achieved using a field gradient created by a magnetic cantilever. b, The
experimental profile of the cantilever’s magnetic field for two orthogonal
axes. The magnetic tip was placed at several points parallel to the blue lines,
and the ESR spectra were measured. The calculated (fitted) magnetic field
profile allows estimation of the location of the single nitrogen-vacancy
centre (shown in the AFM topography). c, Two-dimensional magnetic
resonance image of a single nitrogen-vacancy centre, showing resonance
rings corresponding to a magnetic field of 3mT (resonance frequency of
2,780MHz). Inset, an enlarged section of a ring with a width of
approximately 5 nm.
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Optically Detected Magnetic Resonance

Balasubramanian et al, Nature 455, 648 (2008)

an inhomogeneous magnetic field with a known field gradient, the
defect can be used as a magneto-optical spin marker for suboptical-
wavelength tagged imaging. As a demonstration, two-dimensional
spin imaging experiments were performed using a single nitrogen-
vacancy centre and the highly inhomogeneous magnetic field pro-
duced by themagnetic tip of an atomic forcemicroscope (AFM). The
experimental set-up is shown in Fig. 2a. A commercial AFM was
combined with a confocal microscope. The magnetic probe, com-
monly used in magnetic force microscopy, consists of a sharp silicon
tip coated with 30 nm of magnetic material: the exact magnetic field
profile of the cantilever is not known a priori, and must be deter-
mined. For this, we have used our single-spin nitrogen-vacancy mag-
netometer. The magnetic cantilever was first placed at a known
distance from the diamond nanocrystal, and the magnetic field
experienced by the single nitrogen-vacancy centre was recorded in
steps (corresponding to several hundred nanometre displacements of
the cantilever) by acquiring ESR spectra such as those in Fig. 1f at
each location. The experimentally obtained data points were then
fitted using a Lorentzian function, inferred from numerical simu-
lation of the field created by the cantilever (Fig. 2b). This gives the
magnetic field profile of the cantilever in one dimension. Similarly,
the profile along an orthogonal axis is recorded to give the

two-dimensional profile as well as the exact position of the nitro-
gen-vacancy centre.

To visualize the resolving power of our gradient imaging tech-
nique, the magnetic cantilever was scanned in the vicinity of a nano-
crystal containing a single nitrogen-vacancy defect while
simultaneously exciting with a fixed-frequency microwave field.
When a confocal image is acquired, each point of the optical image
corresponds to a well-defined magnetic field value (as measured in
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Figure 1 | Nitrogen-vacancy defect in diamond. a, Structure and energy
level scheme of the nitrogen-vacancy (NV) defect in diamond. Optical
pumping initializes the centre into the ms5 0 spin state via spin selective
shelving into the metastable singlet state, 1A. This state decays preferentially
into thems5 0 sublevel of the ground state, leading to optically induced spin
polarization (more than.90% at room temperature). c, d, Simultaneously
acquired optical (c) and AFM (d) image of diamond nanocrystals containing
single nitrogen-vacancy defects. e, Fluorescence autocorrelation function,
confirming that the nanocrystal contains a single nitrogen-vacancy defect.
The contrast of g2(t) at zero delay time scales as 1/N, whereN is the number
of emitters. f, Optically detected magnetic resonance spectra for a single
nitrogen-vacancy defect at increasing magnetic field (from bottom to top).
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Figure 2 | Gradient imaging with single spins. a, Two-dimensional imaging
is achieved using a field gradient created by a magnetic cantilever. b, The
experimental profile of the cantilever’s magnetic field for two orthogonal
axes. The magnetic tip was placed at several points parallel to the blue lines,
and the ESR spectra were measured. The calculated (fitted) magnetic field
profile allows estimation of the location of the single nitrogen-vacancy
centre (shown in the AFM topography). c, Two-dimensional magnetic
resonance image of a single nitrogen-vacancy centre, showing resonance
rings corresponding to a magnetic field of 3mT (resonance frequency of
2,780MHz). Inset, an enlarged section of a ring with a width of
approximately 5 nm.
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Nanoscale imaging magnetometry with diamond
spins under ambient conditions
GopalakrishnanBalasubramanian1, I. Y. Chan2{, RomanKolesov1,MohannadAl-Hmoud1, Julia Tisler1, ChangShin3,
Changdong Kim3, Aleksander Wojcik3, Philip R. Hemmer3, Anke Krueger4, Tobias Hanke5, Alfred Leitenstorfer5,
Rudolf Bratschitsch5, Fedor Jelezko1 & Jörg Wrachtrup1

Magnetic resonance imaging and optical microscopy are key tech-
nologies in the life sciences. Formicrobiological studies, especially
of the inner workings of single cells, optical microscopy is norm-
ally used because it easily achieves resolution close to the optical
wavelength. But in conventionalmicroscopy, diffraction limits the
resolution to about half the wavelength. Recently, it was shown
that this limit can be partly overcome by nonlinear imaging tech-
niques1,2, but there is still a barrier to reaching themolecular scale.
In contrast, in magnetic resonance imaging the spatial resolution
is not determined by diffraction; rather, it is limited by magnetic
field sensitivity, and so can in principle go well below the optical
wavelength. The sensitivity of magnetic resonance imaging has
recently been improved enough to image single cells3,4, and mag-
netic resonance force microscopy5 has succeeded in detecting sin-
gle electrons6 and small nuclear spin ensembles7. However, this
technique currently requires cryogenic temperatures, which limit
most potential biological applications8. Alternatively, single-elec-
tron spin states can be detected optically9,10, even at room temper-
ature in some systems11–14. Here we show how magneto-optical
spin detection can be used to determine the location of a spin
associated with a single nitrogen-vacancy centre in diamond with
nanometre resolution under ambient conditions. By placing these
nitrogen-vacancy spins in functionalized diamond nanocrystals,
biologically specific magnetofluorescent spin markers can be pro-
duced. Significantly, we show that this nanometre-scale resolution
can be achieved without any probes located closer than typical cell
dimensions. Furthermore, we demonstrate the use of a single dia-
mond spin as a scanning probe magnetometer to map nanoscale
magnetic field variations. The potential impact of single-spin
imaging at room temperature is far-reaching. It could lead to the
capability to probe biologically relevant spins in living cells.

The nitrogen-vacancy centre in diamond is a unique solid state
system that allows ultrasensitive and rapid detection of single elec-
tronic spin states under ambient conditions12. The nitrogen-vacancy
defect is a naturally occurring impurity that is responsible for the
pink colouration of diamond crystals when present in high concen-
tration. It was demonstrated that this colour centre can be produced
in diamond nanocrystals by electron irradiation. Fluorescing nitro-
gen-vacancy diamond nanocrystals can be used as markers for bioi-
maging applications15. Such markers have attracted widespread
interest because of their unprecedented photostability and non-tox-
icity16,17. It was recognized recently that the magnetic properties of
such fluorescent labels can in principle be used for novel micro-
scopy18,19. Here we demonstrate the realization of a magneto-optic

microscope using nitrogen-vacancy diamond as the magnetic fluor-
escent label that moreover does not bleach or blink.

Figure 1c and d show the fluorescence and atomic force micro-
scope image of nanocrystals containing nitrogen-vacancy defects. By
careful choice of irradiation doses, we were able to control the num-
ber of nitrogen-vacancy centres per nanocrystal. The particular sam-
ple presented in Fig. 1 has on average a single nitrogen-vacancy defect
per 40 nm nanocrystal (confirmed by fluorescence correlation mea-
surements, Fig. 1e).

The energy level scheme and structure of the nitrogen-vacancy
defect is shown in Fig. 1a and b. Two out of six electrons of the centre
are unpaired, forming an electron spin triplet in the electronic
ground and first excited state. Broadband optical excitation of the
centre polarizes it by optical pumping into the ms5 0 spin sublevel.
Laser-assisted detection of the spin state of a single nitrogen-vacancy
centre makes use of differences in the absorption and emission prop-
erties of the spin sublevels. Specifically, the spin sublevel with mag-
netic quantum number ms5 0 (bright state) scatters ,30% more
photons than ms561 states. Hence, when a resonant microwave
field induces magnetic dipole transitions between these electronic
spin sublevels, it destroys the optically pumped spin polarization,
resulting in a significant decrease of the nitrogen-vacancy centre
fluorescence. An example of such an optically detected electron spin
resonance (ESR) spectrum of a single nitrogen-vacancy electronic
spin is shown in Fig. 1f.

The spin Hamiltonian of the nitrogen-vacancy defect (neglecting
electron–nuclear spin coupling) canbewritten as the sumof zero-field

and Zeeman terms, H~D S2z{(1=3) S Sz1ð Þ½ $
! "

zE S2x{S2y
# $

z

gmBB:S, where D and E are zero-field splitting parameters, S5 1, mB
is the Bohrmagneton and g is the electron g-factor (g5 2.0). Owing to
the magnetic dipole interaction between the two unpaired electrons
even at zero externalmagnetic field, the sublevelsms5 0 andms561
are separated (D5 2,870MHz). Owing to symmetry, the ms561
sublevels of the nitrogen-vacancy defect are degenerate at zero mag-
netic field (E5 0), resulting in a single resonance line appearing in the
ESR spectrum (Fig. 1f). An external magnetic field lifts the degeneracy
ofms561, leading to the appearance of two lines. By measuring the
positions of the ESR resonances v1 and v2, it is possible to calculate
the magnitude of the external field B according to gmBð Þ2~
(1=3) v2

1zv2
2{v1v2{D2

! "
{E2 (see Methods for details).

From the above-mentioned relations, it can be seen that, when
combined with nano-positioning instrumentation, the single spin
associated with a nitrogen-vacancy defect can be used as an atom-
sized scanning probe vectormagnetometer. Similarly, when placed in
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an inhomogeneous magnetic field with a known field gradient, the
defect can be used as a magneto-optical spin marker for suboptical-
wavelength tagged imaging. As a demonstration, two-dimensional
spin imaging experiments were performed using a single nitrogen-
vacancy centre and the highly inhomogeneous magnetic field pro-
duced by themagnetic tip of an atomic forcemicroscope (AFM). The
experimental set-up is shown in Fig. 2a. A commercial AFM was
combined with a confocal microscope. The magnetic probe, com-
monly used in magnetic force microscopy, consists of a sharp silicon
tip coated with 30 nm of magnetic material: the exact magnetic field
profile of the cantilever is not known a priori, and must be deter-
mined. For this, we have used our single-spin nitrogen-vacancy mag-
netometer. The magnetic cantilever was first placed at a known
distance from the diamond nanocrystal, and the magnetic field
experienced by the single nitrogen-vacancy centre was recorded in
steps (corresponding to several hundred nanometre displacements of
the cantilever) by acquiring ESR spectra such as those in Fig. 1f at
each location. The experimentally obtained data points were then
fitted using a Lorentzian function, inferred from numerical simu-
lation of the field created by the cantilever (Fig. 2b). This gives the
magnetic field profile of the cantilever in one dimension. Similarly,
the profile along an orthogonal axis is recorded to give the

two-dimensional profile as well as the exact position of the nitro-
gen-vacancy centre.

To visualize the resolving power of our gradient imaging tech-
nique, the magnetic cantilever was scanned in the vicinity of a nano-
crystal containing a single nitrogen-vacancy defect while
simultaneously exciting with a fixed-frequency microwave field.
When a confocal image is acquired, each point of the optical image
corresponds to a well-defined magnetic field value (as measured in
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Figure 1 | Nitrogen-vacancy defect in diamond. a, Structure and energy
level scheme of the nitrogen-vacancy (NV) defect in diamond. Optical
pumping initializes the centre into the ms5 0 spin state via spin selective
shelving into the metastable singlet state, 1A. This state decays preferentially
into thems5 0 sublevel of the ground state, leading to optically induced spin
polarization (more than.90% at room temperature). c, d, Simultaneously
acquired optical (c) and AFM (d) image of diamond nanocrystals containing
single nitrogen-vacancy defects. e, Fluorescence autocorrelation function,
confirming that the nanocrystal contains a single nitrogen-vacancy defect.
The contrast of g2(t) at zero delay time scales as 1/N, whereN is the number
of emitters. f, Optically detected magnetic resonance spectra for a single
nitrogen-vacancy defect at increasing magnetic field (from bottom to top).
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Figure 2 | Gradient imaging with single spins. a, Two-dimensional imaging
is achieved using a field gradient created by a magnetic cantilever. b, The
experimental profile of the cantilever’s magnetic field for two orthogonal
axes. The magnetic tip was placed at several points parallel to the blue lines,
and the ESR spectra were measured. The calculated (fitted) magnetic field
profile allows estimation of the location of the single nitrogen-vacancy
centre (shown in the AFM topography). c, Two-dimensional magnetic
resonance image of a single nitrogen-vacancy centre, showing resonance
rings corresponding to a magnetic field of 3mT (resonance frequency of
2,780MHz). Inset, an enlarged section of a ring with a width of
approximately 5 nm.
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Field gradient ⇡ 0.1G/nm at 1µm distance of the tip

�⌫FWHM ⇡ 1 kHz ! ultimate resolution ⇡ 0.1 Å



– First realization: G. Balasubramanian et al., Nature 455, 648 (2008) 
– Review: L. Rondin et al., Rep. Prog. Phys. 77, 056503 (2014) 

Magnetic probe based on a single NV spin

• Quantitative measure  
of BNV component

• Averaged over a  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Practical implementation 
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Grafting a nanodiamond on the AFM tip
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Proof-of-principle: core of magnetic vortex 
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Magnetic imaging techniques (4)
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NV magnetometry
• Images of a vortex core 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Rondin et al., Nature 
Communications 4, 2279 (2013).
Tetienne et al., Phys. Rev. B 88, 
214408 (2013).  

• Technique well suited for quantitative measurements on 
magnetic systems with nanoscale dimension

- Domain wall motion in a magnetic wire and Barkhausen noise  
Tetienne, Hingant et al., Science 344, 6190 (2014)

- Determine the structure of a single domain wall: Bloch or Néel 
Tetienne, Hingant, et al., Nature Com. 6, 6733 (2015) 

L.	Rondin	et	al.,	Rep.	Prog.	Phys.	77,	056503	(2014).	
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Resolution and magnetic sensitivity
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Résolution et sensibilité du magnétomètre NV

Une solution : 
→ Pointe taillée dans une couche de diamant 

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

→ Nombreuses étapes dans le procédé 
d'élaboration

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

Cœur de 
vortex

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

• Resolving power limited by  
“height of flight” (50 à 100 nm)

• B-field detected on a  
sampling volume of ~(1 nm)3

• Sensitivity limited by: 
- coherence time of NV spin  
- photon collection efficiency

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

Improvement:	diamond	Hp
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Under	development:	 
low-temperature	NV	scanning	microscope
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Now (almost) commercial diamond tips



Wide-field magnetic imaging
CCD camera: Each pixel = 1 magnetic resonance spectrum

Th. Debuisschert

J. Wrachtrup (Stuttgart), R. Walworth (Harvard)  
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B-field produced by a permalloy dot 2
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FIG. 1. (a) Spatial structure of the NV center. Its quantifi-
cation axis is defined by the N-V axis. (b) Structure of the
energy levels in the ground state of the NV center. In presence
of a magnetic field, the Zeeman e↵ect splits the degenerated
level ms=±1. (c) Experimental setup. A green laser pumps
the NV centers through internal reflection. The red lumi-
nescence is collected by a microscope objective, filtered, then
focused with a lens on a CCD camera. The microwave an-
tenna is a simple wire loop. (d) Example of ESR obtained for
each pixel with our setup. The four pairs of peaks correspond
to the projections of the magnetic field on the four possible
NV axis taken by the NV centers in the diamond lattice.

STUDY OF THE MICROPILLARS

Di↵erent sizes and shapes of micropillars have been
tested. Here, we present the results obtained for a
parallelepipoid with a size of 30 µm ⇥ 30 µm ⇥ 3.5 µm,
made of permalloy Fe20Ni80. An external magnetic
field of a few mT, mainly aligned along the y axis, is
applied by a permanent magnet to magnetize the pillars.
Reconstructing the magnetic field from the data was
more complicated than usual, due to the fact that the
field changes radically of orientation. As a consequence,
the four pairs of peaks visible on Fig. 1 cross each
other multiple times along the field of acquisition. By
modifying the reconstruction software in order to track
each pair, we were able to successfully obtain an image
of the magnetic field, presented Fig. 2. To give an idea,
this particular acquisition took less than 20 minutes.
To determine the theoretical magnetic field produced
by the micropillars, we used a model based on the fact
that the field produced by a parallelepipoid uniformly
magnetized is the same as the field produced by a paral-
lelepipoid with all the charges concentrated on its edges.
This yields analytical formulas, which depend on various
parameters, including two unknown : the distance
between the NV centers and the micropillar (because
of the large size of both the sample and the diamond,
it is di�cult to have them closer than 10-20 µm), and
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FIG. 2. (a) Vectorial components of the magnetic field pro-
duced by the permalloy micropillar. Top: experimental re-
sults; bottom: model. The dashed square in the middle shows
where the micropillar is located. (b) Cuts taken from Fig. (a)
along the dashed lines. The points correspond to the experi-
mental results, while the solid line corresponds to the model.

the magnetization of the micropillar. We performed a
fit to determine these two values, and the results can be
seen on Fig. 2. As we can see, an excellent agreement is
reached between the measures and the model, yielding
a magnetization value of M=6.7±0.5⇥104 A/m for a
distance of 23.4µm.

Using the spatial distribution of the magnetic field,
we can determine the gradient of magnetic field in each
point, and thus the force applied on a magnetic nanopar-
ticle depending on its position relative to the micropillar.
In order to confirm the results we obtained here, we per-
formed a more direct measure of these forces: by studying
the movement of magnetic nanoparticles in a fluid under
a magnetic field and using the Stokes law, we can get an
estimate of the force-field applied on the nanoparticles.
The comparison of both observations is shown Fig. ??.

CONCLUSION
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…can be used to retrieve a current distribution 
in microelectronics
150µm
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Image of magnetic field distribution
Resolution : standard optical microscopy ~400 nm



Mapping current density in microelectronics
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6 NV center = magnetometer and reciprocally it is 
also a microwave spectrum analyzer
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NV-based diagnostic of 
superconductivity:  

Observation of the Meissner effect

T > TC T < TC
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Abstract. We examine the possibility of probing superconductivity effects in
metal nanoclusters via diamond magnetometry. Metal nanoclusters have been
proposed as constitutive elements of high-Tc superconducting nanostructured
materials. Magnetometry based on the detection of spin-selective fluorescence
of nitrogen-vacancy (NV) centers in diamond is capable of nanoscale spatial
resolution and can be used as a tool for investigating the properties of single or
multiple clusters interacting among each other or with a surface. We have carried
out sensitivity estimates and experiments to understand how these magneto-
meters could be used in such a situation. We detected the flux exclusion effect
in a superconductor by monitoring the magnetic resonance spectrum of a large
ensemble of NV centers in diamond. Our results show that phase transitions can
be ascertained in a bulk superconductor with this technique. We also discovered
temperature-dependent behavior of the zero-field splitting parameter D and
conclude that the general implementation of such measurements may require
compensation schemes.

Superconductivity occurs in a wide variety of materials when the temperature drops below
a critical temperature Tc and is accompanied by diamagnetism and a drop in resistance to
electric current. The superconducting transitions observed to date are all below 135 K, under
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BSCCO (TC = 105K)

• Three Lorentzian resonances (hyperfine coupling with

14
N)

• Diamond with (111) orientation

8

Figure 3. NV-diamond detected microwave spectroscopy of the |mS = 0i $
|mS = 1i transition for different BSCCO temperatures. Three peaks can be
resolved which correspond to the hyperfine splitting from the 14N nucleus.
Depending on the temperature of the BSCCO superconductor, the center of
the |mS = 0i $ |mS = 1i transition changes due to two competing effects: the
Zeeman shift associated with the Meissner effect and a frequency shift associated
with the diamond temperature, which may change as a result of the proximity to
the BSCCO. See text for details.
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Figure 4. BSCCO-2223 shows a phase transition to the superconducting state at
Tc of (102 ± 3) K. The four symbol types represent repeated runs on the same
sample performed at different times.

The inset of figure 4 shows the least-squares fit of the data to a phenomenological sigmoid
function

f (T ) = f1

1 + exp [�(T � Tc)/⌧ ]
+ f0 (6)
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• Zeeman shift (Meissner) competes with temperature shift


