
1

Quantum sensing con centri NV in diamante

Jacopo Forneris 
Physics Department, University of Torino 
Istituto Nazionale di Fisica Nucleare, Sez. Torino 
Istituto Nazionale di Ricerca Metrologica

Workshop Tecnologie quantistiche 
INFN CSN4 & CSN5 - Università di Torino

Torino, 08-06-2023



/38Jacopo Forneris - 08-06-2023 2

Research Projects, "SEQUME", "QADET"L232/2016 Dept. Excellence

2020 CSN5 QT Call "QUANTEP"

Marie-Curie "LasIonDef" Project

E. VittoneG. Andrini

E. Redolfi G. ZanelliF. Picollo V. Pugliese

E. Corte

S. Ditalia Tchernij

E. Nieto Hernandez

 
 
 
 
P. Olivero

http://www.solid.unito.it

Research activities @ Torino: don't miss the posters!

http://www.solid.unito.it


/663

RT and 4K confocal microscopy setups 

Electrical Probe Stations

Experimental research at UniTO - Physics Department

Multi-elemental 
ion implanter 
embedded in  

ISO-6 cleanroom  
environment



/384

Color centers in semiconductors

Simplified band diagram of Silicon 
Energy levels of impurity-related point defects

12/03/2020 6

Figure 2.24. Measured ionization energies
(in eV) for various impurities in Si. The levels
below the gap center are measured from the
top of the valence band and are acceptor
levels unless indicated by D for donor level.
The levels above the gap center are
measured from the bottom of the conduction
band and are donor levels unless indicated
by A for acceptor level.8
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Point defects in solids
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Point defects (vacancies, interstitials, substitutional impurities) 
Formation of discrete energy levels with optical transitions 

Individual defects: single-photon sources  
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Color centers formation
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Introduction of impurities using a particle accelerator 

Control on defects position, fluence, number

Incorporation during growth 

Very good defect quality, not easily scalable 

200 μm 

CVD chamber 

I. Aharonovic et al. 
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Ion implantation

Incorporation during synthesis (homoepitaxial growth) 
Excellent defect quality 
Lack of control on number, position of impurities
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Ion implantation: introduction of external impurities 
Subsequent thermal treatment for defect formation
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Incorporation during growth 

Very good defect quality, not easily scalable 

200 μm 

CVD chamber 
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Color Centers in Diamond 

+

substrate

Thermal annealing
900-1200 °C, 2hrs

Energy to promote the formation of stable color centers

on a CVD diamond (sample A) patterned with a 60 × 60
array of 60 ( 10 nm diameter apertures (Figure 1b) at a 1
µm pitch (Figure 1c). This aperture diameter resulted in a
distribution of NV centers per aperture with a mean close
to one NV center per aperture for the 1012 cm-2 15N+ dose
applied to sample A. A photoluminescence image of the
patterned area shows the resultant spin array after implanta-
tion, annealing, and lithographic fabrication of a short-
terminated coplanar waveguide (CPW) (Figure 1d). White
contrast in the array comes from NV center photolumines-
cence; the individual white dots correspond to NV centers
positioned with the resist apertures, while formerly masked
regions of the sample showed no NV center emission.
Roughly one-third of the aperture sites produced single NV
centers, confirmed by photon antibunching measurements
(Figure 1e). Two single NV centers are circled in Figure 1d
for reference. Brighter dots contain more NV centerssthe
distribution in the number of NV centers per site originates
from the random incorporation of nitrogen atoms onto
substitutional lattice sites19 and the diffusion of vacancies
to these nitrogen atoms during annealing. The average

number of NV centers per aperture site was determined by
analyzing the minima of photon antibunching measure-
ments20 performed on 32 aperture sites. In cases where
photon antibunching measurements could not distinguish
between two or three NV centers in an aperture site, pho-
toluminescence intensity measurements were used to esti-
mate the number of NV centers. On average 1.4 ( 0.2 NV
centers formed per aperture, indicating that 5 ( 2% of the
implanted nitrogen ions were converted to NV centers based
on the areal nitrogen dosage and the resist aperture area.
The distribution of NV centers formed per aperture shows
reasonable agreement with a Poisson distribution (Figure 1f),
as expected from the low NV center creation efficiency.

The depth placement of implanted NV centers, com-
monly inferred from SRIM simulations, is primarily deter-
mined by the nitrogen implantation energy. Using SIMS we
have directly measured nitrogen depth distributions as a
function of implantation energy. This technique relies on
implanting 15N concentrations well above the 15N back-
ground of the CVD diamond substrates and well above the
SIMS detection sensitivity for 15N in diamond (3 × 1014

FIGURE 1. (a) SEM micrograph of an ∼30 nm diameter resist aperture used to mask nitrogen ion implantation to spatially control NV center
formation. (b) SEM micrograph of an ∼60 nm diameter resist aperture. After fabrication, the NV centers resulting from this aperture diameter
were analyzed in photoluminescence and ESR experiments. (c) SEM micrograph of an array of 60 nm diameter apertures. (d) Spatial
photoluminescence image of an array of NV centers resulting from resist masking, implantation, and annealing. The white dots in the image
result from NV center photoluminescence. A lithographic, short-terminated CPW is also visible. Two single NV centers used in further
measurements are circled. (e) Photon antibunching curve from the NV center circled in yellow in Figure 1d. g(2)(0) < 0.5, indicating it is a
single quantum emitter. The data are uncorrected for background luminescence and dark counts of the photon detectors. (f) A histogram of
resist aperture sites yielding zero, one, two, and three NV centers per aperture site (blue dots) determined by photon antibunching
measurements on 32 apertures sites. The results are compared with a Poisson distribution with mean 1.45 (red squares).

© 2010 American Chemical Society 3169 DOI: 10.1021/nl102066q | Nano Lett. 2010, 10, 3168-–3172

Nano Lett., 2010, 10 3168

Ordered array of individual,  
mutually indistinguishable emitters
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The distribution of NV centers formed per aperture shows
reasonable agreement with a Poisson distribution (Figure 1f),
as expected from the low NV center creation efficiency.

The depth placement of implanted NV centers, com-
monly inferred from SRIM simulations, is primarily deter-
mined by the nitrogen implantation energy. Using SIMS we
have directly measured nitrogen depth distributions as a
function of implantation energy. This technique relies on
implanting 15N concentrations well above the 15N back-
ground of the CVD diamond substrates and well above the
SIMS detection sensitivity for 15N in diamond (3 × 1014

FIGURE 1. (a) SEM micrograph of an ∼30 nm diameter resist aperture used to mask nitrogen ion implantation to spatially control NV center
formation. (b) SEM micrograph of an ∼60 nm diameter resist aperture. After fabrication, the NV centers resulting from this aperture diameter
were analyzed in photoluminescence and ESR experiments. (c) SEM micrograph of an array of 60 nm diameter apertures. (d) Spatial
photoluminescence image of an array of NV centers resulting from resist masking, implantation, and annealing. The white dots in the image
result from NV center photoluminescence. A lithographic, short-terminated CPW is also visible. Two single NV centers used in further
measurements are circled. (e) Photon antibunching curve from the NV center circled in yellow in Figure 1d. g(2)(0) < 0.5, indicating it is a
single quantum emitter. The data are uncorrected for background luminescence and dark counts of the photon detectors. (f) A histogram of
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Single-Photon Confocal PL Microscopy 

Experimental setup Single-photon confocal microscopy

Photo-luminescence detectionExperimental configuration
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Ground state

laser 
excitation

photon 
emission

Single-Photon Confocal PL Microscopy 
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1) PL mapping 

2) spectroscopy 
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The nitrogen-vacancy complex in diamond
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First order approximation:  
2-level system 

532 nm 
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The NV– center ground state spin properties
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fine 
structure

2-level 
system 
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laser excitation
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Ground state

Sz=0

H = D  (Sz 2 – S(S+1)/3 ) + Hf

NV– center 
6 bound electrons 
spin triplet: S=1, Sz=–1,0,+1

spin-spin interaction 

D~2.88 GHz fine structure splitting  

Sz=±1

Sz=0

Sz=±1

D ~2.88 GHz (~12 µeV)

D’

Ground state interaction Hamiltonian 
Phys. Reports 528 (2013) 1

interacting fields
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Optical readout of the NV– center’s spin
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Ground state
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H = D  (Sz 2 – S(S+1)/3 ) + Hf

spin-spin interaction 

D~2.88 GHz fine structure splitting  
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MW

Optically detected magnetic resonance (ODMR) 
Annu. Rev. Phys. Chem. 2014. 65:83 
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Optical readout of the NV– center’s spin
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The NV center as a nanoscale magnetometer
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Excited state

Ground state

Sz=0

H = H0 + µB ge S·B + Hf2

spin-spin interaction
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other fields

Zeeman Effect
ge electron g-factor 
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Sz= 0

B=0 B>0

Ground state

Zeeman splitting of the NV center ground state 
Nature 455 (2008) 648 Harvard

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 the magnetic tip of an atomic force microscope (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 ms 5 0 spin state via spin selective
shelving into the metastable singlet state, 1A. This state decays preferentially
into the ms 5 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, where N 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 3 mT (resonance frequency of
2,780 MHz). Inset, an enlarged section of a ring with a width of
approximately 5 nm.
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Figure 1: a) Structure of the NV center. A Nitrogen atom (N), substituted to a Carbon (C) in the diamond lattice, is coupled

to a Vacancy (V) located on an adjacent crystallographic site. The NV center is sensitive to the projection ~BNV of the magnetic

field ~B on the N-V axis. The NV� color centre is a two electrons system which electronic diagram is depicted in b). It is formed
by two spin triplet states denoted F (Fundamental) and E (Excited) and one singlet metastable state M. In the absence of
magnetic field, spin states mS = +1 and mS = �1 are lifted from state mS = 0 due to spin-spin interaction. The corresponding
frequency transition is ⌫0 = 2.88 GHz in the fundamental spin triplet. Spin conserving optical transitions can occur between
the levels and are represented in green (absorption) and red (emission). Non radiative transitions are represented in black.
The mS = +1 and mS = �1 levels are more strongly coupled to the metastable level (solid arrow) than the mS = 0 level is
(dashed arrow). This dissymmetry explains, first, the possibility to polarize the NV� center in the mS = 0 spin state by optical
pumping in the visible (e.g. �p = 532 nm), and, second, the higher rate of photoluminescence when the NV� center is in spin

state mS = 0 than when it is in states mS = +1 and mS = �1 ; c) In the presence of a magnetic field ~B, the degeneracy between
state mS = +1 and mS = �1 is lifted proportionally to the field projection on the N-V axis. Those magnetic resonances can be
detected applying a microwave field that induces transitions between the states mS = 0 and the states mS = +1 or mS = �1
when its frequency ⌦ is resonant with the transition frequency. The consecutive decrease of the photoluminescence gives rise
to optically detected magnetic resonance (ODMR).

ticular, involves the total internal reflexion of the pump
beam on the faces of the diamond sample. In a third
part we describe how the projections of the field on the
crystallographic axes can be obtained from the fluores-
cence images. In a fourth part, we detail the maximum-
likelihood method that allows for the reconstruction of
the magnetic field in each point of the measured image.
Finally we study the sensitivity of our set-up and show
how it can be optimized using di↵erential acquisition.

MAGNETOMETRY WITH ENSEMBLE OF NV
CENTERS

NV centers can exhibit di↵erent charge states. The ne-
gatively charged NV center (NV�) is a two electrons sys-
tem with well defined energy levels associated with the
spin state (Fig. 1 b). An essential feature of the NV� de-

fect is that its ground level is a spin triplet S = 1, which
degeneracy is lifted into a singlet state mS = 0 and a
doublet state mS = ±1, separated by ⌫0 = 2.88 GHz in
the absence of magnetic field (zero-field splitting) [20].
The single NV� center can be polarized in the mS = 0
state by optical pumping and the spin state detected by
Optically Detected Magnetic Resonance (ODMR) (see
Fig. 1 b).

When an external magnetic field is applied, the levels
corresponding to mS = +1 and mS = �1 are shifted due
to Zeeman e↵ect and their resonance frequencies denoted
⌫+ et ⌫� are shifted accordingly (Fig. 1 c). For magnetic
fields lower than a few tens of Gauss [21], the Zeeman
shift is linear and the positions of the lines are given by :

⌫± � ⌫0 = ±gµb

h
·BNV (1)

where ⌫0 is the zero field splitting of the ground state,
gµb

h = 28 MHz/mT is the electron spin gyromagnetic ra-

Eur. Phys. J. D (2015) 69: 166

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 the magnetic tip of an atomic force microscope (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 ms 5 0 spin state via spin selective
shelving into the metastable singlet state, 1A. This state decays preferentially
into the ms 5 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, where N 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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Individual NV centers

A lthough a remarkable number of magnetic microscopy
techniques have been developed over the last decades,
imaging magnetism at the nanoscale remains a challen-

ging task because it requires a combination of high spatial
resolution and sensitivity1. A first approach consists in directly
mapping the sample magnetization, which implies sending and
collecting back test particles whose interaction with matter has a
magnetization-dependent term. This approach provides the
highest spatial resolution to date, down to the atomic scale for
spin-polarized scanning tunnelling microscopy2 and about 10 nm
in transmission X-ray microscopy3. However, these techniques
require highly complex experimental apparatus and a dedicated
sample preparation so that the particles can reach and escape
from the tested region without perturbations. To observe
magnetic samples in their real, unprepared state, a more suited
approach consists in mapping the magnetic stray field generated
outside the sample, even if this method cannot uniquely
determine the actual sample magnetization4. Furthermore, the
spatial resolution is then limited both by the probe size and its
distance to the sample. Among many stray-field microscopy
techniques5, magnetic force microscopy has become ubiquitous,
as it provides a spatial resolution o50 nm and operates under
ambient conditions without any specific sample preparation6. It
was for instance the first method that allowed the observation of
the core of a magnetic vortex in a thin ferromagnetic disk7.
However, because of the intrinsic magnetic nature of the probe,
magnetic force microscopy is known to be perturbative and not
easily quantitative8, therefore limiting its field of applications.

Recently, a magnetometer based on the magnetic response of a
single nitrogen-vacancy (NV) defect in diamond has been
proposed9–12, which promises significant advances in magnetic
imaging. Indeed, it provides non-perturbing and quantitative
measurements of the stray magnetic field, with an unprecedented
access to low fields combined with an atomic-sized detection
volume13,14. In this article, we use NV-based magnetometry
to measure the stray field emanating from magnetic vortices
in nanostructured ferromagnetic thin films. Such structures,
which are of great interest both for fundamental studies in
nanomagnetism15 and for applications such as non-volatile
magnetic storage16,17 and microwave (MW) generation18,
have been investigated using a wide range of microscopy
techniques2,7,19–22. However, obtaining quantitative information
that is directly comparable to theory remains a challenging task.
Further, imaging the vortex core, which can be as small as 10 nm
and has a crucial role in the vortex dynamics, is a long-standing
goal that has been reached by very few methods only2,3,7. Here we
show that scanning NV magnetometry enables to quantitatively
map the stray field above a thin ferromagnetic square in a vortex
state, revealing in three dimensions the full structure of the
magnetic field distribution, including the detection of the
vortex core. Furthermore, we demonstrate that the vectorial
and quantitative nature of the measurement provide direct
comparisons with micromagnetic simulations. This work thus
opens new avenues for fundamental studies in nanomagnetism
and spintronics.

Results
Principle of scanning NV magnetometry. The scanning NV
magnetometer combines an optical confocal microscope and an
atomic force microscope (AFM), all operating under ambient
conditions (see Methods). As sketched in Fig. 1a, a diamond
nanocrystal hosting a single NV defect is grafted at the apex of the
AFM tip and used as an atomic-sized magnetic sensor13. The NV
defect ground state is a spin triplet with a zero-field splitting
D¼ 2.87 GHz between a singlet state ms¼ 0 and a doublet

ms¼±1, where ms denotes the spin projection along the
intrinsic quantization axis of the NV defect uNV (Fig. 1a).
Under optical illumination, the NV defect is efficiently polarized
into the ms¼ 0 spin sublevel and exhibits a spin-dependent
photoluminescence (PL)23. These combined properties enable the
detection of electron spin resonance (ESR) by optical means24. A
typical ESR spectrum of the NV sensor placed in a static magnetic
field is shown in Fig. 1b. In the limit of weak magnetic fields
(o3 mT), the spin quantization axis remains fixed by the NV
defect axis, and the two ESR frequencies are given by
nR¼D±geBNV/2p, where BNV is the magnetic field projection
along the NV axis and ge is the electron gyromagnetic ratio
(Fig. 1b). Note that strain-induced splitting of the ms¼±1 spin
sublevels has been omitted for clarity purpose (see Supplementary
Note 1 and Supplementary Fig. S1). Measurement of the magnetic
field through Zeeman shifts of the ESR frequency is therefore
quantitative and non-perturbing, because the dipolar field from a
single NV defect is as low as 1mT at 10 nm distance9.

Images of magnetic vortices in ferromagnetic films. In the
following, we use the scanning NV magnetometer to map the
magnetic stray field generated by magnetic vortices in ferro-
magnetic thin films. More precisely, we investigate squares of
Fe20Ni80 with a thickness of 50 nm and a 5-mm side length. This
magnetic structure is characterized by a curling in-plane mag-
netization with a vortex core in the centre where the magneti-
zation points out of the plane (Fig. 1c). Such a magnetic vortex is
an ideal object for evaluating the sensitivity and spatial resolution
of any advanced magnetic microscopy technique because the size
of the vortex core can reach 10 nm (ref. 3). Furthermore, this
magnetic structure is topologically stable and therefore appears as
an interesting candidate for memory cells in non-volatile data-
storage devices16,17.
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Figure 1 | Principle of the experiment. (a) The apex of an AFM tip is
functionalized with a 20-nm diamond nanocrystal hosting a single NV
defect. A microscope objective placed on top of the AFM tip is used both
for exciting and collecting the NV defect spin-dependent PL. A MW field is
generated by an antenna approached in the vicinity of the NV defect. The
NV defect quantization axis uNV, which gives the measured magnetic field
component, is described by the angles y and j in a spherical coordinate
system. (b) ESR spectrum of the magnetic probe recorded by monitoring
the NV defect PL intensity while sweeping the frequency of the MW field.
The ESR splitting is proportional to the projection of the magnetic field
along the NV axis, here BNV¼0.9 mT. (c) Typical AFM image of a thin
square of Fe20Ni80. The white arrows indicate the curling magnetization of
the vortex state. Scale bar, 1 mm.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3279

2 NATURE COMMUNICATIONS | 4:2279 | DOI: 10.1038/ncomms3279 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

The NV probe is first approached at a distance dE300 nm
above the magnetic vortex structure. Magnetic field mapping is
performed by scanning the sample while measuring the difference
of NV defect PL intensity for two fixed MW frequencies n1 and n2,
applied consecutively at each point of the scan13. This signal is
positive if nR¼ n1, that is, when the local field experienced by the
NV defect is BNV,1¼±2p(n1"D)/ge, and negative if nR¼ n2, that
is, for BNV,2¼±2p(n2"D)/ge (see Supplementary Methods).
The resulting image thus exhibits positive and negative
signal regions corresponding to iso-magnetic field contours
(BNV,1,BNV,2), as well as zero-signal regions for any other field
projections. An example of such a dual-iso-B image recorded
above a ferromagnetic square is presented in Fig. 2a, revealing a
flower-shaped magnetic field distribution. Independent mea-
surement of the NV defect orientation with a calibrated magnetic
field indicates that the NV defect is oriented mainly along the y
axis in this experiment (see Supplementary Methods and
Supplementary Fig. S2). Hence, the magnetic map shown in
Fig. 2a corresponds to the field component that is parallel to the
sample surface and along a side of the ferromagnetic square. By
properly selecting the orientation of the single NV defect grafted
at the apex of the AFM tip, any field component can be similarly
measured. For instance, Fig. 2b is essentially a map of the z
component, that is, the out-of-plane magnetic field. These
experiments establish NV-based magnetometry as a unique
instrument providing quantitative and vectorial magnetic field
images at the nanoscale.

The measured stray field arises from Néel domain walls at the
square diagonals that induce volume charges with opposite sign
on each side of the wall. The general lobe structure of the
magnetic distribution can therefore be qualitatively understood
by considering the magnetic field created by an assembly of
magnetic dipoles placed along the diagonals. To get more precise
predictions, the sample magnetization distribution was first
calculated through micromagnetic simulations using OOMMF
software25, with a cell size of 5# 5# 5 nm3. Once the equilibrium
magnetization state was found, the magnetic field generated by
the structure is computed by summing the contribution of all
magnetization cells. This magnetic field is then projected along

the experimentally measured NV axis, and the NV defect ESR
response is finally applied to get the simulated dual-iso-B image
(see Supplementary Methods and Supplementary Fig. S3). As
shown in Fig. 2c,d, the simulations reproduce well the
experimental data, including apparent asymmetries which stem
from the imperfect alignment of the corresponding NV defects
with respect to the y and z axis. By varying the probe-to-sample
distance d, it is even possible, as shown in the Supplementary
Fig. S4, to obtain an overview of the stray field in the half-space
above the sample, thus providing a three-dimensional mapping of
the magnetic field distribution.

Imaging the vortex core. The magnetic images shown in Fig. 2a,b
are recorded with a probe-to-sample distance of several hundreds
of nanometres. At such distances, the stray field linked to the
out-of-plane vortex core magnetization cannot be detected. The
vortex centre therefore appears dark (zero field) both in
the images and in the simulations. With the aim of observing the
vortex core, the NV probe is brought as close as possible to
the sample with the AFM operating in tapping mode. Figure 3a
shows the dual-iso-B image of the whole square obtained with the
NV defect probe used in Fig. 2b, that is, mainly oriented along the
z axis. By zooming in the centre of the structure, the vortex core is
revealed with an apparent size LcoreE100 nm (Fig. 3b). Although
the spatial resolution of scanning NV magnetometry is ultimately
given by the atomic-sized detection volume, the effective resol-
ving power is rather limited by the probe-to-sample distance, a
common feature of any stray-field microscopy technique. Indeed,
numerical calculations indicate that the size of the out-of-plane
vortex core magnetization is around 20 nm at the sample surface.
The probe-to-sample distance can be estimated by comparing the
experimental results to magnetic images simulated at different
distances from the sample surface. As shown in Fig. 3c–e, a good
agreement is obtained for a distance dE100 nm. We attribute this
relatively large value to an imperfect positioning of the diamond
nanocrystal at the apex of the AFM tip. A more precise control of
the NV magnetic sensor position could be achieved by using
diamond nanopillar probes14. Although the simulation fairly
agrees with experimental data, we note that the sharp structures
lying along the square diagonals (Fig. 3c) are not observed in the
experimental images (Fig. 3a). In those regions, the stray field
generated by Néel domain walls is strong enough to induce a
mixing of the NV defect electron spin sublevels, which results in
an overall reduction of ESR contrast26 (see Supplementary Note 2
and Supplementary Fig. S5).

Chirality and polarity of the vortex state. The vortex structure is
commonly characterized by two independent binary properties.
The chirality c determines whether the in-plane magnetization is
curling clockwise (c¼ þ 1) or counterclockwise (c¼ " 1),
whereas the polarity p of the vortex indicates the upward
(p¼ þ 1) or downward (p¼ " 1) magnetization of the core. The
apparent pairing of the zero-field contours around the vortex core
observed in Fig. 3b directly enables us to determine that
c# p¼ þ 1 (see Supplementary Note 3 and Supplementary Fig. S6).
We note that only an absolute value of the field is measured,
preventing a direct measurement of the core polarity without
additional measurements. This limitation could be overcome by
addressing selectively one of the two ESR transitions through
circularly polarized MW excitation27. Here we gain further
insights into the vortex structure by applying an external bias
magnetic field along the z axis with a projection Bext along the NV
axis. The amplitude of this external magnetic field is chosen weak
enough to avoid modifying the sample magnetization, so that Bext
just adds up to the regular stray field of the vortex structure.
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dependence in the direction ðyÞ, the signal-to-noise ratio is
increased by summing the ESR signal column by column.
The acquisition time corresponds to only one exposure time
of the camera (4 ms), which allows for a truly instantaneous
acquisition of the input signal spectrum. Then, the acquisi-
tions are repeated for successive instants in order to monitor
the temporal evolution of this spectrum. We have checked
on a great number of acquisitions that those measurements
are highly repeatable. Some of the resulting spectrograms
are plotted in Fig. 2(b). Those curves show the versatility of
our device as an instantaneous spectrum analyzer.

One limitation of the resonance linewidth is the hyper-
fine interaction between the electron spin of the NV center
and the nuclear spin of the nitrogen atom. The 14N, which is
the most abundant isotope of the nitrogen (99:64 %), leads to
three resonance lines separated by 2 MHz.13 The combina-
tion of the power broadening,14 produced by the continuous
excitation of the NV centers, and of the decoherence caused
by the electron spin bath of nitrogen impurities6 induces a
broadening that makes the hyperfine interaction difficult to
resolve. To overcome this, one could take profit of diamonds
of higher purity.15

The total bandwidth is first limited by the presence of the
eight resonances that correspond to the four crystallographic

directions of the diamond. The use of preferentially oriented
NV centers obtained in CVD growth in direction (111)16,17

and (113)18 could strongly attenuate the unwanted resonances,
and release the constraints on the selection of a range with
bijective correspondence between frequency and position.
Another advantage of such diamonds would be to increase by
four the contrast of the single remaining resonance ðaÞ. The
range is also limited by the size of the interaction area (limited
in our case to the 1 mm diameter of the antenna) compared to
the strength of the magnetic gradient. Both of them could be
improved by a more optimized design. Typically, a permanent
magnet can provide a magnetic field of about 1 T that corre-
sponds to a range of 30 GHz and therefore to more than 4000
channels. As demonstrated in Ref. 5, the magnetic resonance
properties of NV centers are maintained in this entire
range provided the magnetic field is precisely aligned with the
ðN # VÞ axis. Thus, such a broad microwave bandwidth
should then be accessible with our technique. It would then be
comparable to that obtained with techniques using cryogenic
temperatures,2,3 but with a simpler implementation.

Finally, the refresh rate corresponds to a reasonable expo-
sure time (4 ms) of the camera regarding the amount of photo-
luminescence that is collected from the NV centers. The use of
a diamond crystal with a higher NV concentration and of a
microscope objective with higher aperture would allow a
smaller exposure time and thus an increase of this refresh rate.
A lower limit to the time resolution will be of a few micro-
seconds, given by the photophysics of the NV centers. Indeed,
the complete photoluminescence cycle involves a metastable
state whose lifetime is around a few hundreds of nanosec-
onds.19 This creates a time laps in which the NV center is not
active, limiting the interrogation rate. Fortunately, this might
not decrease the probability of intercept of quickly changing
incoming signals since many NV centers are available
simultaneously.

In summary, the instantaneous spectral analysis of a
quickly changing microwave signal with an ensemble of NV
centers has been demonstrated over a bandwidth of
600 MHz, associated to a frequency resolution of 7 MHz and
to a refresh rate of 4 ms. Those results can possibly be
extended to a bandwidth of a few tens of GHz and the refresh
rate can be decreased to a few microseconds. In the context
of a constant growth of spectrum usage for wireless commu-
nications, such an analyzer concept would be a useful tool to
either monitor the electromagnetic environment, or even be a
part of a wideband RF system (radar or communication) to
get a real-time feedback of the emitted signal.20
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FIG. 2. (a) The relative photoluminescence image of the NV centers submitted
to an AM signal is plotted in grey levels along (x) and (y) directions. The car-
rier at 2.2 GHz and the two side-bands at 2.16 GHz and 2.24 GHz are visible.
The spectrum (red dots) is obtained plotting the relative photoluminescence of
each pixel and exploiting the correspondence between position and frequency.
The green line corresponds to a resampling with a 5 MHz resolution that
allows eliminating the high frequency noise of the raw data. (b) Spectrograms:
The average relative photoluminescence is displayed in a 2D plot with one
axis representing the frequency v, and the other one representing the time. The
carrier is swept from 1.8 to 2.6 GHz in 5 s. The modulated signal is swept
from 40 to 80 MHz in 0.7 s (left) and from 0 to 100 MHz in 0.4 s (right).
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in the Hamiltonian.5 Since our microwave synthesizer is
limited to 3:2 GHz, this shift of the frequency transition
allows a larger useful frequency range, and we have thus
chosen to work in that configuration. According to Eq. (3),
the presence of the transverse magnetic field also induces a
hyperbola shape of the Zeeman shift as a function of B== as
can be observed in Fig. 1(e). However, this effect is limited to
small values of B== around zero, since it involves B? at fourth
order. For most of the useful range, the Zeeman shift can be
considered as linear.

If we now move from the anticrossings to the left side of
the figure where the magnetic field is high, we can observe a
nonlinear Zeeman shift for three of the pairs. This also can
be attributed to a non-negligible transverse component of the
magnetic field5 with respect to the crystallographic axes. For
one of the pairs, the Zeeman shift is mostly linear, which
indicates that the magnetic field is well aligned with the
ðN " VÞ axis, here referred as direction ðaÞ. The effect of
the slight residual transverse magnetic field is to induce a
mixing of the spin states which results in a small decrease of
the photoluminescence contrast,5 as can be seen on Fig. 1(e).
Despite the complexity of the figure, we can select an area
where only one resonance ðaÞ is present. There, a bijection is
established between the resonance frequency and the posi-
tion along the ðxÞ axis, delimited by the blue oval on Fig.
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Our system is aimed at analyzing the spectral distribution
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To illustrate that capability, a first demonstration is performed
measuring the whole frequency spectrum of a reference signal

that is generated multiplying a carrier signal at 2:2 GHz by a
modulation signal at 40 MHz. This amplitude modulated sig-
nal is first characterized by a conventional spectrum analyzer.
Its two side bands, at 2:16 GHz and 2:24 GHz, have a power
around 0 dBm, and the carrier at 2:2 GHz is around "10 dBm.
This signal is then sent to the antenna to induce the magnetic
resonance signal of the NV centers. The normalized photolu-
minescence C is plotted in Fig. 2(a) as a function of the spatial
axes ðxÞ and ðyÞ. The reference is the photoluminescence
measured in the absence of any microwave excitation. The
carrier and the two side-bands induce three resonances that
are detected by a decrease of luminescence. Their frequencies
are linearly linked to the position along the ðxÞ axis. However,
a more accurate calibration can be done by measuring the
exact position of the ESR line for each frequency of the spec-
trum. The resulting spectrum is plotted in Fig. 2(a). The line-
width of the lines is approximately 7 MHz, defining the
spectral resolution of the device. This value is better than
the one obtained in Ref. 1 (45 MHz). It is of the same order as
the resolution obtained for systems working at cryogenic tem-
perature (1 MHz for Ref. 2 and 20 MHz for Ref. 3). With
respect to the 600 MHz bandwidth, it corresponds to 85 chan-
nels. Here the two side-bands of the incoming signal have
equal power. The observed difference of contrast corresponds
to the non-uniformity observed in Fig. 1(e). It can thus be
attributed to the slight misalignment of the magnetic field
along ðaÞ. One can also note that the resonances have a visible
dependence in ðyÞ which is a confirmation of this slight mis-
alignment. However, the corresponding frequency shift
remains smaller than the resonance linewidth.

We then demonstrate the ability of our device to monitor
instantaneous frequency variations. The AM signal is now
time-dependent. The frequencies of both carrier and modu-
lating signal are swept while the relative photoluminescence
is monitored by the camera. Taking advantage of the low

FIG. 1. (a) A CVD diamond plate (yellow) holds NV centers in its volume. It is pumped by a laser beam at 532 nm (green arrow). The induced red photolumi-
nescence is collected through a standard optical microscope (not represented here) and monitored by a digital camera. (b) Typical image of the monitored pho-
toluminescence. (c) The diamond is submitted to a magnetic field gradient along the (x) direction generated by an assembly of four magnets. The horizontal
green dashed line indicates the plane in which the magnetic field is included. In particular, the field is aligned with the red arrow and is zero in the center of the
square. In this area, the magnetic gradient is also aligned with that direction. (d) The four crystallographic axes (a), (b), (c), and (d) are represented relatively
to the (110) facets of the diamond plate. The magnetic field is aligned with (a), with an angle of 35$ with axis (x). (e) The normalized photoluminescence,
obtained from the raw images, is plotted as a function of the position along the (x) axis and of the microwave frequency. ESR lines are detected by a drop of
the photoluminescence. Their frequencies are linked to the projection of the magnetic field along the crystallographic axes (a), (b), (c), and (d). The spectra
represented in Figure 2 were performed in the area delimited by the blue oval.
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between the four symmetry axes of NV centers, resulting in four pairs
of spin resonance transitions (two resonances per NV axis; see inset in
Fig. 2B). This allows the vector components of themagnetic field, (Bx,By,
Bz), to be extracted in the laboratory frame (21, 24).We note that vector
magnetometry could also be achieved in zero external magnetic field
with little modification of the experimental procedure (30). Figure 2C
shows the vector magnetic field maps for a graphene ribbon under an
injected current I=+0.8mAandnormalized using a current of opposite
sign, I = −0.8mA. The current density distribution is then obtained by
inverting the Biot-Savart law in the Fourier space (25, 26). This pro-
vides the vector components of the lineal current density, Jx and Jy
(Fig. 2D), with a precision estimated to ≈5% (see the Supplementary
Materials). They can be combined in a single plot (bottom panel in
Fig. 2D), where the color codes the norm of the current density vec-
tor, jJ

→
j, and the arrows indicate the direction (and relative norm) of

J
→
. As a consistency check, integrating the current density over the

width of the ribbon gives a total current of≈0.81(4) mA, in agreement
with the applied current. On the basis of the signal-to-noise ratio ob-
served in Fig. 2D, we project a sensitivity to current densities as low as
≈1 A/m under similar conditions (total acquisition time of 2 hours),
which corresponds to a total current of 1 mA in a 1-mm-wide ribbon.

Figure 2D reveals strong irregularities in the current density along
the ribbon, mainly in the form of constrictions and holes, with feature
sizes imaged down to ≈1 mm. To investigate the origins of these ef-
fects, wemapped the current density in two graphene ribbons (Fig. 3, A
and B) and compared the maps with the corresponding PL images
(Fig. 3C), as well as with scanning electron microscopy (SEM) images
of the same areas (Fig. 3D), where the relatively high electron emission
of the diamond makes a clear contrast with the graphene. A clear cor-
relation is seen between the irregular features in the current density
and bright lines or dots visible in the SEM images. These bright areas,
which exhibit a range of shapeswith feature sizes down to≈200 nm, are
attributed to cracks and localized tears in the graphene sheet, through
which the current cannot flow. This tearing is commonly found in gra-
phene after it was transferred onto a substrate using a wet process (31).
The tears are also visible in the PL images. They appear as bright con-
trast areas, with a PL intensity similar to that measured on the bare di-
amond surface. This indicates that no significant PL quenching occurs

A

B C

DE

Fig. 1. Graphene ribbons on a diamond imaging platform. (A) Schematic of the experiment. The diamond platform consists of a diamond chip hosting a layer of near-
surface NV centers. The graphene devices are fabricated directly on the diamond chip, which ismounted on a coverslip equippedwith anMW resonator. The NV centers’ PL
under green laser and MW excitations is imaged on a camera to form the magnetic field image. (B) Optical micrograph of the final device. Apparent on the diamond are
metallic contacts, and wire bonds, used for current injection in the graphene ribbons. (C) Bright-field image recorded with the camera, focused on a graphene ribbon (not
visible). (D) PL image of the same area under laser excitation. The graphene ribbon is now visible because of PL quenching. (E) Line cut across the ribbon extracted from (D)
(white dashed line). a.u., arbitrary units.

Fig. 2. Magnetic field imaging and reconstruction of the current density.
(A) PL image of the graphene ribbon under study, defining the xyz reference frame.
(B) ODMR spectrum of the NV centers in a single pixel near the graphene under a
positive (red dots) or negative (blue dots) applied current. Solid lines are data fit to a
sum of eight Lorentzian functions. Inset: Energy levels of the electron spin of a single
NV center, showing the Zeeman splitting 2geB∥ between ms = ±1, where ms is the
spin projection along the NV axis, B∥ is the magnetic field projection, and ge is the
electron gyromagnetic ratio. The two electron spin resonances are indicated by
green arrows. The experimental spectrum comprises eight resonances in total
due to the four possible crystallographic orientations, allowing vector magnetom-
etry. (C) Maps of the Bx (top), By (middle), and Bz (bottom) components of the
magnetic field produced by a total current I = 0.8 mA. (D) Maps of the Jx (top)
and Jy (middle) components of the current density reconstructed from (C). The
bottom panel shows the norm of the current density, jJ

→
j. The black arrows repre-

sent the vector J
→
(length proportional to jJ

→
j; threshold jJ

→
j > 30 A/m). Scale bars, 10 mm

(C and D).
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Figure	2:	Measured	action	potential	voltage	and	magnetic	field	from	excised	single-neurons.		a,	Measured	time	trace	of	action	potential	(AP)	voltage	
Φ!"
!"#$(!)	for	giant	axon	from	Myxicola	infundibulum	(worm).		b,	Calculated	time	trace	of	AP	magnetic	field	!!"#! ! 	for	M.	infundibulum	extracted	from	data	

in	Fig.	2a.	 	c,	Measured	time	trace	of	AP	magnetic	field	!!"#$ ! 	for	M.	infundibulum	giant	axon	with	!!"# = 150.	 	d,	Measured	time	trace	of	AP	magnetic	
field	!!"#$ ! 	for	Loligo	pealeii	(squid)	giant	axon	with	!!"# = 375.		Gray	box	indicates	magnetic	artifact	from	stimulation	current.		
	
(increasing	 axon	 radius)	 than	 for	 an	 AP	 propagating	 in	 the	
direction	of	negative	taper	(decreasing	radius).		Our	measurements	
in	 whole	 worms	 are	 consistent	 with	 this	 prediction:	 transverse	
sections	 show	 a	 taper	 in	 the	 axon	 radius	 from	 smaller	 near	 the	
posterior	to	 larger	near	the	anterior	(Fig.	4a,	b),	correlated	with	a	
larger	 amplitude	 of	!!"#$ ! 	 at	 a	 fixed	measurement	 point	 along	
the	 axon	 for	 posterior	 versus	 anterior	 AP	 stimulation	 (Fig.	 4e,	 f).		
We	observe	this	asymmetry	in	all	 three	worms	tested	in	this	way,	
with	 amplitude	 differences	 of	 47% ±  20%	 (see	 SI	 Fig.	 S8a).		
Independent	 two-point	 electrophysiology	 measurements	 (see	 SI)	
provide	consistent	results,	with	smaller	measured	!! 	 (ratio	≈ 0.6)	
for	posterior	versus	anterior	stimulation.	

It	 is	 worth	 highlighting	 that,	 in	 contrast	 to	 our	 method	 of	
vector	 magnetic	 field	 sensing	 using	 NV-diamond,	 existing	
techniques	for	AP	detection	with	single-neuron	resolution	measure	
a	scalar	quantity,	e.g.	 ion	concentration	or	electric	potential.	 	Such	
scalar	measurements	do	not	provide	single-point	determination	of	
AP	 conduction	 velocity	 magnitude	 or	 direction;	 instead,	 spatially	
separated	 differential	 scalar	 measurements	 must	 be	 performed,		

	
	

Figure	 3:	 Single-neuron	
action	 potential	 magnetic	
sensing	 exterior	 to	 whole	
live	organism.	 	a,	Overhead	
view	 of	 intact	 living	
specimen	of	M.	 infundibulum	
(worm)	 on	 top	 of	 NV-
diamond	 sensor.	 	 In	
configuration	 shown,	 animal	
is	 stimulated	 from	 posterior	
end	 by	 suction	 electrode;	
action	 potentials	 (APs)	

propagate	toward	worm’s	anterior	end;	and	bipolar	electrodes	confirm	AP	
stimulation	and	propagation.		Scale	bar	is	20	mm.		b,	Recorded	time	trace	of	
single-neuron	 AP	magnetic	 field	!!"#$ ! 	 from	 live	 intact	 specimen	 of	M.	
infundibulum	for	!!"# = 1650	events.	
	

with	 sufficiently	 high	 temporal	 resolution	 and	 SNR	 to	 distinguish	
small	 timing	 differences	 between	 the	 two	 detected	 signals.		
Specifically,	 when	 the	 AP	 spatial	 extent	 is	 long	 compared	 to	 the	
axon	 (as	 in	many	 systems	 of	 interest	 in	 neuroscience),	 the	 delay	
between	 the	 detected	 scalar	 signals	 at	 two	 measurement	 points	
along	 the	 axon	 is	 significantly	 shorter	 than	 the	 duration	 of	 each	
signal.	 	As	 a	 result,	 determining	AP	 conduction	velocity	 via	 scalar	
techniques	 requires	 a	 much	 higher	 SNR	 than	 with	 vector	
magnetometry.		

Building	on	our	present	results,	NV-diamond	magnetic	sensing	
should	be	applicable	to	noninvasive	monitoring	of	AP	activity	 in	a	
broad	range	of	systems	such	as	cultured	neurons,	tissue	slices,	and	
whole	organisms,	including	species	for	which	genetic	encoding	and	
viral	 transduction	 of	 voltage-sensitive	 proteins	 is	 not	 currently	
possible.	 	 An	 example	 near-term	 application	 is	 single-point	
measurements	 of	 AP	 conduction	 velocity,	which	 could	 greatly	 aid	
the	 study	 of	 demyelinating	 diseases	 such	 as	 multiple	 sclerosis.		
Furthermore,	 NV-diamond	 magnetic	 sensing	 could	 be	 combined	
with	 optical	 stimulation	methods21	 to	 provide	 individual-neuron-
targeted	 excitation	 and	 noninvasive	 AP	 detection,	 enabling	
longitudinal	 studies	 of	 environmental	 and	 developmental	 effects,	
and	 tests	 of	 models	 used	 to	 interpret	 conventional	 MEG	 signals	
from	 macroscopic	 brain	 circuits.	 	 Key	 technical	 challenges	 for	
neuroscience	 applications	 of	 NV-diamond	 include:	 (i)	 improving	
the	magnetic	 field	 sensitivity	 to	 enable	 real-time,	 single	 AP	 event	
detection	from	individual	mammalian	neurons,	which	are	expected	
to	generate	peak	AP	magnetic	 fields	~1	nT	at	 the	NV	sensor	 layer	
(see	 SI);	 and	 (ii)	 incorporating	 magnetic	 imaging.	 	 The	 imaging	
challenge	 can	 be	 met	 by	 integrating	 techniques	 from	 our	 recent	
successful	 demonstrations	 using	 NV-diamond	 for	 wide-field	
parallel	 magnetic	 imaging	 of	 biological	 cells4,15,	 and	
superresolution	 magnetic	 imaging3,	 as	 well	 as	 tomographic	
methods	 for	 extending	 the	 depth-of-field2.	 	 The	 sensitivity	
challenge	 can	 be	 addressed	 by	 using	 optimized	 diamonds	 with	
higher	 NV	 density	 and	 longer	 spin-dephasing	 times	 !!∗,	 and	 by	
implementing	pulsed-Ramsey22	and	quantum-beat23	measurement	
protocols;	 a	 sensitivity	 and	 AP	 SNR	 gain	 of	~10!	 per	 unit	 sensor	
volume	is	expected,	along	with	temporal	resolution	down	to	~1 µs	
(see	 SI).	 	 To	 realize	 further	 sensitivity	 enhancements	 we	 will	
investigate	 quantum-assisted	 techniques,	 which	 should	 enable	
measurements	 approaching	 fundamental	 quantum	 limits.	 	 Our	
present	 NV-diamond	 instrument	 has	 a	 photon-shot-noise-limited	
magnetic	 field	 sensitivity	 ~3000	 times	 worse	 than	 the	 quantum	
spin-projection	 limit	 (see	 SI),	 highlighting	 the	 potential	 for	 large	
sensitivity	 gains.	 	 For	 example,	 we	 recently	 demonstrated	 that	
spin-to-charge-state	 readout	 for	 NV	 centers	 provides	 enhanced	
magnetic	 field	sensitivity	 that	 is	only	a	 factor	of	3	above	the	spin-
projection	limit24.	
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Figure 5
Sensing techniques and protocols, showing (top) pulse-timing diagrams and (bottom) example measurements. (a) Continuous-wave
detection of the spectral line shift. The frequency difference between curves is 4.7 MHz, corresponding to a magnetic field difference of
0.16 mT. (b) Pulsed detection of the spin precession (Ramsey fringes) in a pump-probe experiment. The frequency difference between
curves is 0.25 MHz, corresponding to a magnetic field difference of 9.0 µT. Oscillations are shown relative to a 2,753-MHz carrier
frequency. (c) Relaxometry measurement, showing T1 relaxation of a nitrogen-vacancy center in a 25-nm nanodiamond in the presence
and absence of paramagnetic GdCl3 salt. The black dots mark changes in intensity caused by tuning the microwave frequency to the
point of highest slope. The black arrows denote the increase and decrease in fluorescence intensity as the resonance shifts up and down
in frequency, respectively.

and recording changes in intensity. As the resonance shifts up or down in frequency, the fluores-
cence intensity is raised or lowered, respectively. The smallest detectable frequency shift (at unit
signal-to-noise ratio) is approximately given by

!ω ≈ a
2η

√
I0T

, (2)

where a is the line width (0.5 times the full width at half maximum) of the EPR transition, η ≈ 30%
is the optical contrast between mS = 0 and mS = ±1, I0 is the photon count rate, and T is the
integration time. For the example in Figure 5a, a ≈ 9.5 MHz, η ≈ 29%, and I0 ≈ 5 × 104 s−1,
yielding !ω ≈ 2π ×73 kHz for a 1-s integration time. The sensitivity can be drastically improved
by collecting photons from many NV centers simultaneously (ensemble magnetometry) at the
expense of losing the exquisite nanoscale resolution provided by single defects.

Frequency detection has been extended by several tricks, including real-time tracking (68),
multifrequency excitation (69), and the detection of multiple NV centers with different crystallo-
graphic orientations for vector field measurements (70, 71). Moreover, by using large ensembles
of NV centers in bigger crystals, investigators have achieved detection rates up to megahertz and
sensitivities below kHz/

√
Hz (72).

4.2.2. Pulsed experiments. More sensitive approaches rely on pulsed experiments in a pump-
probe scheme with the laser turned off during the sensing period. The advantage of pulsed
experiments is that no optical repumping occurs during the sensing period, and very long coherent
evolution times τ can be achieved (up to milliseconds) (48, 49). Moreover, pulsed experiments
can take advantage of the many refined microwave sequences that have been developed over the
decades in the field of magnetic resonance (73).
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Figure 1 | Schematic of the NV and the measurement scheme.
a, Schematic drawing of the NV centre with one nitrogen at a carbon lattice
site and an adjacent vacancy. b, Simulated absolute electric field 6 µm
below the microstructure (depth of the NV) for an applied voltage
difference of 1 V. c, Observed shift of the ODMR resonance lines for
different voltages applied to the electrodes, clearly showing the effect of a
Stark shift. d, Schematic of the confocal set-up used with Helmholtz coils
for magnetic field alignment and a microstructure on the diamond sample
to create the electric field and couple in the microwaves

Fig. 2a (that is, the z axis is parallel to the axial symmetry axis of the
NV centre which connects the nitrogen and vacancy sites).

It is worth mentioning that dgs is much smaller than the excited
state des because of the antisymmetric combination of molecular ex ,
ey type orbitals in the ground state. Consequently, dgs is non-zero
only because of spin orbit coupling between the ground and
excited spin triplet states, such that dgs / ⌦?2/Ees

2des, where ⌦? is
the centre’s non-axial spin orbit parameter and Ees is the optical
energy difference between the triplet states (see Supplementary
Information). Given that crystal strain can be treated effectively as
a local static electric field � (ref. 27), it combines with the applied
electric field E to give the total effective electric field 5 = E+� at
the NV centre. In the regime where Dgs � µBgeB and Dgs � dgs5,
second-order perturbation theory can be applied to obtain the
approximate energy solutions of Hgs. Considering fixed magnetic
and strain fields, the change in the magnetic transition frequency
1!± between thems = 0 and thems =±1 spin sub-levels caused by
the application of an electric field is

h̄1!± = dgs
k
Ez ±[F(B,E,�)�F(B,0,�)] (2)

where

F(B,E,�) =

µB

2
ge

2
Bz

2 +dgs
?25?

2 � µB
2
ge

2

Dgs
B?

2
dgs

?5?

⇥ cos(2�B +�5)+
µB

4
ge

4

4Dgs
2
B?

4
�1/2

and5?2 =52
x
+52

y
, B?2 =Bx

2+By
2, tan�5 =5y/5x , and tan�B =

By/Bx . Given that the Zeeman effect is much stronger than the Stark
effect in the ground state, the first-order appearance of µB

2
ge

2
Bz

2

in F indicates that for the expected case, dgs5/µBgeB⌧ 1, careful
alignment of the magnetic field in the non-axial plane is required,
otherwise the detectable change in the transition frequency caused
by an electric field reduces to h̄1! ⇡ dgs

k
Ez , which, as dgsk is small,

severely reduces the detectable electric field strength. This argument
also indicates that the presence of non-axial strain reduces the
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Figure 2 | Theory of NV electric-field sensing and measured results.
a, Schematic of the NV centre, coordinate axes and the magnetic, electric
and strain fields defined in the text. The solid spheres represent the nuclei
of the respective atoms neighbouring the vacancy (transparent). The
coordinate axes are defined such that the z axis coincides with the axis of
symmetry connecting the nitrogen and vacancy sites. b, The measured
normalized magnetic transition frequency change 1! due to an applied a.c.
electric field as a function of the axial magnetic field strength (a.c. voltage
of 0–5 V was applied at the electrodes, ⌧ = 80 µs, the maximal interaction
was normalized to 1) . The blue solid line is the theoretical fit using equation
(2). The horizontal error bars are due to the uncertainty in the fit of the
ODMR spectra used to calculate Bz, the vertical error bars are the error of
the fit of the measured data. c, Theoretical change in the magnetic
transition frequency 1! due to an applied electric field as a polar function
of the magnetic field orientation �B in the non-axial plane. The blue line
corresponds to the case where the applied electric field and the effective
strain field are parallel, and the purple dashed line corresponds to a 10�

rotation of the external electric field with respect to the strain field. The
extremities of the parallel case are defined by 1!± = h(dgs

kEz±dgs
?E?).

d, Polar plot of the measured detuning 1! as a function of the magnetic
field orientation �B in the non-axial plane. The green solid line is the
theoretical fit using equation (2). The error bars in the amplitude are due to
magnetic field alignment issues, leading to a non-vanishing Bz and
therefore to an error of 7% (see Supplementary Information).

dominating effect of axial magnetic fields on F by increasing the
ratio dgs

?5?/µBgeBz (see Supplementary Information). This is
important for future sensing applications using nanodiamonds.
These typically possess a strain of several tens of MHz, which
is larger than the Zeeman shift due to the Earth magnetic field
(⇠2MHz), such that sensing without additional magnetic field
alignment seems feasible. Furthermore, a zero magnetic field
environment can be reached using a magnetically shielded set-up,
which further aids future biological sensing applications.

The dependence of F on the non-axial magnetic field orientation
�B indicates that the orientation of the electric field will be
determined up to a four-fold symmetry if 1! is measured for
several magnetic field orientations. Figure 2c shows the theoretical
polar plot of 1! as a function of �B for the special case (solid
blue line) where the effective strain and applied electric fields are in
parallel directions or negligible strain exists. As1! depends on both
the orientations of the effective strain and applied electric fields,
the symmetric ‘four-leaf’ pattern of the aligned case will distort and
rotate if the applied electric field is rotated with respect to the strain
field (purple dashed line). If the strain field is characterized for a
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Figure 1 | Schematic of the NV and the measurement scheme.
a, Schematic drawing of the NV centre with one nitrogen at a carbon lattice
site and an adjacent vacancy. b, Simulated absolute electric field 6 µm
below the microstructure (depth of the NV) for an applied voltage
difference of 1 V. c, Observed shift of the ODMR resonance lines for
different voltages applied to the electrodes, clearly showing the effect of a
Stark shift. d, Schematic of the confocal set-up used with Helmholtz coils
for magnetic field alignment and a microstructure on the diamond sample
to create the electric field and couple in the microwaves

Fig. 2a (that is, the z axis is parallel to the axial symmetry axis of the
NV centre which connects the nitrogen and vacancy sites).

It is worth mentioning that dgs is much smaller than the excited
state des because of the antisymmetric combination of molecular ex ,
ey type orbitals in the ground state. Consequently, dgs is non-zero
only because of spin orbit coupling between the ground and
excited spin triplet states, such that dgs / ⌦?2/Ees

2des, where ⌦? is
the centre’s non-axial spin orbit parameter and Ees is the optical
energy difference between the triplet states (see Supplementary
Information). Given that crystal strain can be treated effectively as
a local static electric field � (ref. 27), it combines with the applied
electric field E to give the total effective electric field 5 = E+� at
the NV centre. In the regime where Dgs � µBgeB and Dgs � dgs5,
second-order perturbation theory can be applied to obtain the
approximate energy solutions of Hgs. Considering fixed magnetic
and strain fields, the change in the magnetic transition frequency
1!± between thems = 0 and thems =±1 spin sub-levels caused by
the application of an electric field is

h̄1!± = dgs
k
Ez ±[F(B,E,�)�F(B,0,�)] (2)

where
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By/Bx . Given that the Zeeman effect is much stronger than the Stark
effect in the ground state, the first-order appearance of µB

2
ge

2
Bz

2

in F indicates that for the expected case, dgs5/µBgeB⌧ 1, careful
alignment of the magnetic field in the non-axial plane is required,
otherwise the detectable change in the transition frequency caused
by an electric field reduces to h̄1! ⇡ dgs

k
Ez , which, as dgsk is small,

severely reduces the detectable electric field strength. This argument
also indicates that the presence of non-axial strain reduces the
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Figure 2 | Theory of NV electric-field sensing and measured results.
a, Schematic of the NV centre, coordinate axes and the magnetic, electric
and strain fields defined in the text. The solid spheres represent the nuclei
of the respective atoms neighbouring the vacancy (transparent). The
coordinate axes are defined such that the z axis coincides with the axis of
symmetry connecting the nitrogen and vacancy sites. b, The measured
normalized magnetic transition frequency change 1! due to an applied a.c.
electric field as a function of the axial magnetic field strength (a.c. voltage
of 0–5 V was applied at the electrodes, ⌧ = 80 µs, the maximal interaction
was normalized to 1) . The blue solid line is the theoretical fit using equation
(2). The horizontal error bars are due to the uncertainty in the fit of the
ODMR spectra used to calculate Bz, the vertical error bars are the error of
the fit of the measured data. c, Theoretical change in the magnetic
transition frequency 1! due to an applied electric field as a polar function
of the magnetic field orientation �B in the non-axial plane. The blue line
corresponds to the case where the applied electric field and the effective
strain field are parallel, and the purple dashed line corresponds to a 10�

rotation of the external electric field with respect to the strain field. The
extremities of the parallel case are defined by 1!± = h(dgs

kEz±dgs
?E?).

d, Polar plot of the measured detuning 1! as a function of the magnetic
field orientation �B in the non-axial plane. The green solid line is the
theoretical fit using equation (2). The error bars in the amplitude are due to
magnetic field alignment issues, leading to a non-vanishing Bz and
therefore to an error of 7% (see Supplementary Information).

dominating effect of axial magnetic fields on F by increasing the
ratio dgs

?5?/µBgeBz (see Supplementary Information). This is
important for future sensing applications using nanodiamonds.
These typically possess a strain of several tens of MHz, which
is larger than the Zeeman shift due to the Earth magnetic field
(⇠2MHz), such that sensing without additional magnetic field
alignment seems feasible. Furthermore, a zero magnetic field
environment can be reached using a magnetically shielded set-up,
which further aids future biological sensing applications.

The dependence of F on the non-axial magnetic field orientation
�B indicates that the orientation of the electric field will be
determined up to a four-fold symmetry if 1! is measured for
several magnetic field orientations. Figure 2c shows the theoretical
polar plot of 1! as a function of �B for the special case (solid
blue line) where the effective strain and applied electric fields are in
parallel directions or negligible strain exists. As1! depends on both
the orientations of the effective strain and applied electric fields,
the symmetric ‘four-leaf’ pattern of the aligned case will distort and
rotate if the applied electric field is rotated with respect to the strain
field (purple dashed line). If the strain field is characterized for a
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given NV centre, the measurement of the 1! polar pattern and
subsequent analysis using equation (2) allows the applied electric
fieldmagnitude and orientation to be determined.

Indeed the measured polar plot of 1! as a function of �B
(Fig. 2d) agrees very well with the theoretical analysis. The small
differences between theory and themeasurementsmay be explained
by a small axial magnetic field uncertainty of ±5 µT that was
present. The rotation and distortion of the polar pattern from
the symmetric ‘four-leaf’ pattern indicates that the applied electric
and effective strain fields are not aligned. A least square fit of
the polar pattern yields the field parameters: B? = 23.6± 1.5G,
dgs

k
Ez/h= �4.2±2.1 kHz, dgs?E?/h= 81.6±1.7 kHz, �E = 32� ±

1�, and �� = 22� ± 9�. Note that the non-axial orientations of
the electric �E and strain �� fields are taken with respect to
the laboratory reference frame. The observed strong decay of the
electric-field-induced shift 1! with increasing axial magnetic field
strength (depicted in Fig. 2b) also agrees well with the theoretical
model and reinforces the requirement for precise alignment of
the magnetic field in the non-axial plane. The measurements of
Fig. 2b and d and the underpinning theoretical analysis clearly
demonstrate how the combination of ODMR techniques and
precise magnetic field alignment and manipulation can be used to
detect the vector electric field.

As in magnetic-field sensing18, electric fields are most sensitively
detected when a field-induced phase accumulation is used. As an
example, Fig. 3c shows the amplitude of a Hahn echo / cos(1!⌧ )
as a function of electric field strength recorded by a two pulse spin
echo sequence with a fixed free evolution time ⌧ . The sinusoidal
modulation of the measured echo intensity on the increase of
the electric field allows a precise determination of the minimally
detected electric field, �Emin, which can be expressed as the ratio
of the standard deviation of a Hahn signal measurement �sn and
the gradient of the oscillation of the Hahn signal dS = �S/�E (as
indicated in Fig. 3c)

�Emin = �sn

dS
In our measurement, �sn depends on the photon shot noise,
enabling a photon shot-noise limited measurement, as demon-
strated in Fig. 3b.

As the amplitude of theHahn signal decayswith ⌧ owing to deco-
herence, �S likewise decays with ⌧ . ⌧ itself is limited by the dephas-
ing time T2. Consequently, an optimal ⌧ exists that maximizes the
sensitivity, and this was determined for the Hahn echo (a.c. electric
field) and the free induction decay (FID) (d.c. electric field) mea-
surements. The optimal ⌧ for both cases are included with the plot
of �Emin in Fig. 3b. For a.c. (d.c.) electric-field sensing, a sensitivity
of 202 ± 6V cm�1 Hz�1/2(891 ± 21V cm�1 Hz�1/2) was achieved,
with the smallest detected field being 7.5V cm�1(173V cm�1). Here
we use the standard definition of the bandwidth as the inverse of
twice the measurement time. The intricate combined interaction
of strain, electric and magnetic fields that enables this electric-field
sensing technique indicates that two different sensing regimes exist,
each suited to different sensing applications (see Supplementary
Information). One regime is characterized by a non-axial magnetic
field that dominates over the strain, that is geµBBz ⌧ge

2µB
2
B?2/Dgs,

dgs
?5? ⌧ ge

2µB
2
B?2/Dgs and dgs?�? ⌧ ge

2µB
2
B?2/Dgs, and can be

engineered by precise magnetic field alignment (as performed in
this work) and in which the electric-field sensitivity is independent
of the electric, magnetic and strain field strengths. The second
regime is characterized by zero magnetic field and a natural strain
that is large compared to the electric field shift, such as the strain that
occurs in nanodiamonds. In this case, the energy level shift encodes
the projection of the electric field onto the major strain direction.
Both regimes are suitable for vector electric fieldmeasurements.The
principal factors that govern the sensitivity of this technique are the
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⇤ on the axial magnetic field. The solid line shows a fit of
the data (see Supplementary Information). The vertical error bars
represent the error in the fit of the measured T2

⇤ data, the horizontal error
bars are the uncertainty of the fit of the ODMR transitions used to
determine Bz or, for overlapping ODMR transitions, the error in the
extrapolation (see Supplementary Information).

T2
⇤ and T2 of the NV centre. As the measured T2 (304±36 µs) of

the centre investigated was rather short for an NV centre in bulk
diamond, an improvement in the measured sensitivity is expected
if an NV centre in a higher purity sample was used. In addition,
as T2 values—similar to the one used here—are now also found
for shallow implanted defects29, the method demonstrated here
is suitable for charge sensing applications. The sensing scheme
presented here exploits the zero axial magnetic field limit of
the Hamiltonian where the electrically sensitive transitions are
decoupled frommagnetic fluctuations (see subsequent paragraph),
as is seen most strikingly by the observed narrow line widths in
Fig. 1c. Critically, in addition to allowing the nanosensor to be
switched from magnetic- to electric-field sensing, it also indicates
that decoherence due to impurity spins could be overcome, even
in a ‘dirty’ environment, and holds promise for a powerful, yet
material-independent route towards quantum metrology under
biological conditions.

Figure 3d demonstrates that the observed T2
⇤ strongly depends

on the applied axial magnetic field component and reaches a
maximumwhen the applied axial magnetic field component is zero.
This dependence of T⇤

2 on the magnetic field is best understood by
analysing the eigenstates of the spin Hamiltonian (1) in the absence
of applied electric andmagnetic fields (B=E =0 and � 6=0). In this
case, the eigenstates of (1), expressed in terms of the eigenstates of
Sz{|0i,|+1i,|�1i}, are

|S0i = |0i, |S±i = 1p
2
(e�i��/2|+1i±ei��/2|�1i)

and have energies E0 = �(2/3)(hDgs + dgs
k�z) and E± =

(1/3)(hDgs + dgs
k�z)± dgs

?�? respectively. The expectation value
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given NV centre, the measurement of the 1! polar pattern and
subsequent analysis using equation (2) allows the applied electric
fieldmagnitude and orientation to be determined.

Indeed the measured polar plot of 1! as a function of �B
(Fig. 2d) agrees very well with the theoretical analysis. The small
differences between theory and themeasurementsmay be explained
by a small axial magnetic field uncertainty of ±5 µT that was
present. The rotation and distortion of the polar pattern from
the symmetric ‘four-leaf’ pattern indicates that the applied electric
and effective strain fields are not aligned. A least square fit of
the polar pattern yields the field parameters: B? = 23.6± 1.5G,
dgs

k
Ez/h= �4.2±2.1 kHz, dgs?E?/h= 81.6±1.7 kHz, �E = 32� ±

1�, and �� = 22� ± 9�. Note that the non-axial orientations of
the electric �E and strain �� fields are taken with respect to
the laboratory reference frame. The observed strong decay of the
electric-field-induced shift 1! with increasing axial magnetic field
strength (depicted in Fig. 2b) also agrees well with the theoretical
model and reinforces the requirement for precise alignment of
the magnetic field in the non-axial plane. The measurements of
Fig. 2b and d and the underpinning theoretical analysis clearly
demonstrate how the combination of ODMR techniques and
precise magnetic field alignment and manipulation can be used to
detect the vector electric field.

As in magnetic-field sensing18, electric fields are most sensitively
detected when a field-induced phase accumulation is used. As an
example, Fig. 3c shows the amplitude of a Hahn echo / cos(1!⌧ )
as a function of electric field strength recorded by a two pulse spin
echo sequence with a fixed free evolution time ⌧ . The sinusoidal
modulation of the measured echo intensity on the increase of
the electric field allows a precise determination of the minimally
detected electric field, �Emin, which can be expressed as the ratio
of the standard deviation of a Hahn signal measurement �sn and
the gradient of the oscillation of the Hahn signal dS = �S/�E (as
indicated in Fig. 3c)

�Emin = �sn

dS
In our measurement, �sn depends on the photon shot noise,
enabling a photon shot-noise limited measurement, as demon-
strated in Fig. 3b.

As the amplitude of theHahn signal decayswith ⌧ owing to deco-
herence, �S likewise decays with ⌧ . ⌧ itself is limited by the dephas-
ing time T2. Consequently, an optimal ⌧ exists that maximizes the
sensitivity, and this was determined for the Hahn echo (a.c. electric
field) and the free induction decay (FID) (d.c. electric field) mea-
surements. The optimal ⌧ for both cases are included with the plot
of �Emin in Fig. 3b. For a.c. (d.c.) electric-field sensing, a sensitivity
of 202 ± 6V cm�1 Hz�1/2(891 ± 21V cm�1 Hz�1/2) was achieved,
with the smallest detected field being 7.5V cm�1(173V cm�1). Here
we use the standard definition of the bandwidth as the inverse of
twice the measurement time. The intricate combined interaction
of strain, electric and magnetic fields that enables this electric-field
sensing technique indicates that two different sensing regimes exist,
each suited to different sensing applications (see Supplementary
Information). One regime is characterized by a non-axial magnetic
field that dominates over the strain, that is geµBBz ⌧ge

2µB
2
B?2/Dgs,

dgs
?5? ⌧ ge

2µB
2
B?2/Dgs and dgs?�? ⌧ ge

2µB
2
B?2/Dgs, and can be

engineered by precise magnetic field alignment (as performed in
this work) and in which the electric-field sensitivity is independent
of the electric, magnetic and strain field strengths. The second
regime is characterized by zero magnetic field and a natural strain
that is large compared to the electric field shift, such as the strain that
occurs in nanodiamonds. In this case, the energy level shift encodes
the projection of the electric field onto the major strain direction.
Both regimes are suitable for vector electric fieldmeasurements.The
principal factors that govern the sensitivity of this technique are the
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Figure 3 | Sensitivity and coherence time measurements. a, Hahn echo
pulse scheme with an alternating square electric field for the a.c.
measurements (for the d.c. sequence see Supplementary Information).
b, The measured minimal detectable change in the electric field �Emin as a
function of the measurement time. The solid blue lines correspond to the
fitted shot-noise limit. The grey lines represent the electric field strength of
single charges at different distances, taking the dielectric constant of
diamond (" = 5.7) into account. c, Measured optical Hahn signal as a
function of the applied non-axial electric field strength. The solid line is a fit
using a cosine function (see Supplementary Information) and a fixed free
evolution time (⌧ = 80 µs). d, Measured dependence of the NV centre’s
coherence time T2

⇤ on the axial magnetic field. The solid line shows a fit of
the data (see Supplementary Information). The vertical error bars
represent the error in the fit of the measured T2

⇤ data, the horizontal error
bars are the uncertainty of the fit of the ODMR transitions used to
determine Bz or, for overlapping ODMR transitions, the error in the
extrapolation (see Supplementary Information).

T2
⇤ and T2 of the NV centre. As the measured T2 (304±36 µs) of

the centre investigated was rather short for an NV centre in bulk
diamond, an improvement in the measured sensitivity is expected
if an NV centre in a higher purity sample was used. In addition,
as T2 values—similar to the one used here—are now also found
for shallow implanted defects29, the method demonstrated here
is suitable for charge sensing applications. The sensing scheme
presented here exploits the zero axial magnetic field limit of
the Hamiltonian where the electrically sensitive transitions are
decoupled frommagnetic fluctuations (see subsequent paragraph),
as is seen most strikingly by the observed narrow line widths in
Fig. 1c. Critically, in addition to allowing the nanosensor to be
switched from magnetic- to electric-field sensing, it also indicates
that decoherence due to impurity spins could be overcome, even
in a ‘dirty’ environment, and holds promise for a powerful, yet
material-independent route towards quantum metrology under
biological conditions.

Figure 3d demonstrates that the observed T2
⇤ strongly depends

on the applied axial magnetic field component and reaches a
maximumwhen the applied axial magnetic field component is zero.
This dependence of T⇤

2 on the magnetic field is best understood by
analysing the eigenstates of the spin Hamiltonian (1) in the absence
of applied electric andmagnetic fields (B=E =0 and � 6=0). In this
case, the eigenstates of (1), expressed in terms of the eigenstates of
Sz{|0i,|+1i,|�1i}, are

|S0i = |0i, |S±i = 1p
2
(e�i��/2|+1i±ei��/2|�1i)

and have energies E0 = �(2/3)(hDgs + dgs
k�z) and E± =

(1/3)(hDgs + dgs
k�z)± dgs

?�? respectively. The expectation value
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FIG. 1. Mapping band bending with in-situ quantum sensors. a, Principle of the experiment, where NV sensors
(green dots) probe the electric field associated with surface band bending, here visualised as a distribution of space charge
density. b, Calculated electric field profile for a typical (001)-oriented, oxygen-terminated diamond surface, modelled as a layer
of surface acceptor defects with a density of states centred at 1.5 eV above the valence band maximum [26] and a surface
density Dsd = 0.1 nm�2 (see details in SI). The implanted substitutional nitrogen and NV defects are taken to be uniformly
distributed over the range d = 0� 20 nm (i.e. hdi = 10 nm), with a total areal density of 0.1 nitrogen/nm2. The green line is
the NV� population at equilibrium, and the green (red) shading represents the region where the NV� (NV0) charge state is
dominant. Inset: corresponding band diagram near the surface, where EC is the conduction band minimum, EV the valence
band maximum, EF the Fermi level, and NV� represents the charge transition level of the NV centre, i.e. NV� is the stable
charge state when this level is below EF . c, Diagram of the experimental set-up showing the diamond sample mounted on a glass
slide patterned with gold to allow microwave (MW) injection and interfacing with electrical devices, illumination with a green
laser and imaging of the NV red photoluminescence (PL) with a camera. d, Example ODMR spectrum recorded for an ensemble

of near-surface NV centres in an oxygen-terminated diamond under a magnetic field ~B0 chosen to be perpendicular (within less
than 3�) to a given NV family (here NVA). Each resonance is labelled according to the corresponding NV orientation, defined
in e. The solid line is a multiple-Lorentzian fit. e, The four possible tetrahedral orientations of the NV bond with respect to
the sample reference frame xyz.

the negatively charged state (NV�) usable for sensing
(Fig. 1b). The expectation value for an electric field mea-
surement, i.e. Ez(z) averaged over the NV� distribution,
is hEzi ⇡ 600 kV/cm, well in the range of sensitivity of
the NV centre [14].

To measure this electric field, we performed optically
detected magnetic resonance (ODMR) spectroscopy on
the NV centres, using the experimental set-up depicted
in Fig. 1c. An example ODMR spectrum obtained from
a near-surface NV ensemble (hdi ⇡ 10 nm) is shown
in Fig. 1d. A small magnetic field ~B0 (of magnitude
B0 ⇠ 6 mT) was applied to split the eight otherwise de-
generate electron spin resonances corresponding to the
four possible NV defect orientations relative to the dia-
mond crystal (Fig. 1e), and carefully oriented so as to
maximise the sensitivity to electric fields [14] (see SI).
The spectrum was fit to extract the eight resonance fre-
quencies, which are then compared to the standard NV
spin Hamiltonian including the Zeeman and Stark ef-
fects [14, 28], allowing us to infer the full vector magnetic

and electric fields simultaneously (except for an overall
sign ambiguity, i.e. ~E and �~E yield the same ODMR
spectrum). Importantly, we found that the measured
frequencies could be satisfactorily fit only when account-
ing for the Stark e↵ect, providing clear evidence of the
presence of a non-vanishing electric field (see fit error
analysis in SI). For the data shown in Fig. 1d, we obtain
hEzi = 372 ± 5 kV/cm (where we fixed Ex = Ey = 0 to
reduce the uncertainty), reasonably close to our estimate.

To illustrate the 3D mapping capability, we formed
NV centres at di↵erent depths in distinct diamonds and
measured the electric field as explained above. We found
that hEzi decreased from 432± 10 kV/cm at hdi ⇡ 7 nm
to 291 ± 5 kV/cm at hdi ⇡ 35 nm (Fig. 2a), in good
agreement with our modelling for Dsd in the range 0.06�
1 nm�2. We next studied the e↵ect of surface termination
on the electric field by forming a hydrogen-terminated
(H) channel on an otherwise oxygen-terminated (O) di-
amond. An example of the resulting hEzi map is shown
in Fig. 2b, revealing an increase from 372± 5 kV/cm in

NV ensembles
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of near-surface NV centres in an oxygen-terminated diamond under a magnetic field ~B0 chosen to be perpendicular (within less
than 3�) to a given NV family (here NVA). Each resonance is labelled according to the corresponding NV orientation, defined
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the negatively charged state (NV�) usable for sensing
(Fig. 1b). The expectation value for an electric field mea-
surement, i.e. Ez(z) averaged over the NV� distribution,
is hEzi ⇡ 600 kV/cm, well in the range of sensitivity of
the NV centre [14].

To measure this electric field, we performed optically
detected magnetic resonance (ODMR) spectroscopy on
the NV centres, using the experimental set-up depicted
in Fig. 1c. An example ODMR spectrum obtained from
a near-surface NV ensemble (hdi ⇡ 10 nm) is shown
in Fig. 1d. A small magnetic field ~B0 (of magnitude
B0 ⇠ 6 mT) was applied to split the eight otherwise de-
generate electron spin resonances corresponding to the
four possible NV defect orientations relative to the dia-
mond crystal (Fig. 1e), and carefully oriented so as to
maximise the sensitivity to electric fields [14] (see SI).
The spectrum was fit to extract the eight resonance fre-
quencies, which are then compared to the standard NV
spin Hamiltonian including the Zeeman and Stark ef-
fects [14, 28], allowing us to infer the full vector magnetic

and electric fields simultaneously (except for an overall
sign ambiguity, i.e. ~E and �~E yield the same ODMR
spectrum). Importantly, we found that the measured
frequencies could be satisfactorily fit only when account-
ing for the Stark e↵ect, providing clear evidence of the
presence of a non-vanishing electric field (see fit error
analysis in SI). For the data shown in Fig. 1d, we obtain
hEzi = 372 ± 5 kV/cm (where we fixed Ex = Ey = 0 to
reduce the uncertainty), reasonably close to our estimate.

To illustrate the 3D mapping capability, we formed
NV centres at di↵erent depths in distinct diamonds and
measured the electric field as explained above. We found
that hEzi decreased from 432± 10 kV/cm at hdi ⇡ 7 nm
to 291 ± 5 kV/cm at hdi ⇡ 35 nm (Fig. 2a), in good
agreement with our modelling for Dsd in the range 0.06�
1 nm�2. We next studied the e↵ect of surface termination
on the electric field by forming a hydrogen-terminated
(H) channel on an otherwise oxygen-terminated (O) di-
amond. An example of the resulting hEzi map is shown
in Fig. 2b, revealing an increase from 372± 5 kV/cm in
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FIG. 2. Electric field versus implantation depth and
surface termination. a, Electric field, hEzi, as a func-
tion the mean implantation depth, hdi, for O-terminated di-
amond. Solid lines: result of the band bending model de-
scribed in Fig. 1b with Dsd = 0.06 nm�2 (lower curve) and
Dsd = 1 nm�2 (upper), with the shading representing inter-
mediate values. Inset: Di↵erence �hEzi = hEziH � hEziO be-
tween the electric field measured for H- and O-terminated dia-
mond. Solid lines: model using a fixed density of charged sur-
face adsorbates, Qsa = 0.07 nm�2, and withDsd = 0.08 nm�2

(upper curve) and Dsd = 1 nm�2 (lower). b, hEzi map
of an H-terminated channel on an O-terminated background
(hdi ⇡ 10 nm). c, PL reduction of the H region relative to
the O region, as a function of hdi. Solid lines: model using
the same parameters as in inset of a. Inset: PL image of
an H-terminated channel (hdi ⇡ 7 nm). d, hEzi vs Dsd cal-
culated for hdi = 17 nm. The dashed lines and data points
indicate the measured hEzi values for a comparable sample fol-
lowing various surface treatments, performed in order: oxygen
plasma (as used to form the O termination in a-c), acid clean-
ing, oxygen burning and piranha treatment (see details in SI).
Vertical error bars: ±� where � is the standard deviation.

the O region to 410 ± 5 kV/cm in the H region. This
is expected because H-terminated diamond is known to
have a lower electron a�nity, leading to e�cient charge
transfer from the diamond material onto acceptor species
adsorbed on the surface in ambient air [15]. This leads
to increased band bending and hence the increased elec-
tric field, beyond the threshold required to form a con-
ductive two-dimensional hole gas (2DHG) near the sur-
face [15, 29], which is imaged in an electrical device de-
scribed below. By fitting our model to the measured in-
crease in hEzi caused by the H termination (inset in Fig.
2a), one can infer the density of charged surface adsor-
bates (acceptors), Qsa ⇡ 0.07 nm�2, in good agreement
with the value derived from surface resistivity measure-
ments (see SI).

A consequence of the increased band bending is a de-
crease in the number of NV� centres, hence a decrease
in detected photoluminescence (PL), since the NVs clos-
est to the surface become charge neutral [30]. This is
illustrated in Fig. 2c, which shows the PL reduction as a
function of hdi, with an example PL image of a H chan-
nel shown in inset. This motivates the need to minimise
band bending via surface engineering for quantum sens-
ing applications, where the NV� to surface distance is
critical [18]. As a step towards this goal, we applied
various surface treatments in an attempt to reduce the
density of surface defects. Starting from a diamond ini-
tially O-terminated with an oxygen plasma as previously
(hEzi ⇡ 414 ± 10 kV/cm), we were able to reduce the
electric field to ⇡ 362± 6 kV/cm through a combination
of wet and dry treatments, which corresponds to a reduc-
tion of Dsd by nearly a factor 3 according to our theory
(Fig. 2d), and a reduction in the mean NV� depth from
⇡ 23 nm to ⇡ 19 nm. These trends are broadly consistent
with direct measurements of Dsd reported recently [26].
We note that another avenue to reduce Dsd is by etching
the diamond, as shown in the SI. These results illustrate
the value of in-situ electric field measurements, which
provide new insights into semiconductor surfaces.

We now demonstrate mapping of the electric field in an
active electrical device consisting of a driven conductive
2DHG channel formed with an H-terminated diamond
surface. Two-terminal devices were fabricated where
TiC/Pt/Au contacts (source and drain) are connected by
a H-terminated channel 100 µm in length and 20 µm in
width (Figs. 3a,b). Unexpectedly, upon applying a volt-
age VDS = +100 V an increase in hEzi was observed (by
up to a factor 2) in a well-defined region of the channel
extending over ⇡ 20 µm from the drain (Fig. 3c). Upon
inversion of the voltage (VDS = �100 V), the feature
moved to the other contact (Fig. 3d) to remain at the
hole drain. In addition, we observed an influence of the
position of the laser illumination spot used for the mea-
surements. In Figs. 3c,d, the laser spot was centred rela-
tive to the device as shown by the PL profile in Fig. 3e.
When the laser was moved by 50 µm towards the right-
hand contact (Figs. 3f-h), the region of increased electric
field appeared to extend further away (⇡ 40 µm) from
the left-hand contact under positive voltage (Fig. 3f), and
disappeared completely under negative voltage (Fig. 3g).

These observations are qualitatively interpreted as
a combination of two competing e↵ects, illustrated in
Fig. 3i: the injection of electrons from the drain contact
into charge traps in the diamond bulk, increasing the
electric field seen by the NV centres, and laser-induced
ionisation of these charge traps, allowing the electrons to
escape via the conduction band and returning the elec-
tric field to its zero-voltage value. This interpretation
is corroborated by the negative capacitance measured
for these devices (see SI). Line cuts taken at di↵erent
voltages (Fig. 3j) reveal that the electric field decreases
steadily from the contact (with a maximum value that
increases monotonically with voltage, see Fig. 3k) before

3

40302010

100

80

60

40

20

0

PL
 re

du
ct

io
n 

(%
)

2.0

1.5

1.0

0.5

0.0
40302010

a b

c

420390
   (kV/cm)

350

O H

20 µmy
x

d

Implantation depth,     (nm)

  (
M

V/
cm

)

Plasma

Acid
O2 burn

Pirahna

1

0.75

0.5

 P
L 

(re
l.)

#1

Implantation depth,     (nm)

  (
M

V/
cm

)  (k
V/

cm
)

 Dsd (nm-2)

50

0

 302010

O H

y
x

0.45

0.4

0.35

0.3
0.40.20

FIG. 2. Electric field versus implantation depth and
surface termination. a, Electric field, hEzi, as a func-
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(upper curve) and Dsd = 1 nm�2 (lower). b, hEzi map
of an H-terminated channel on an O-terminated background
(hdi ⇡ 10 nm). c, PL reduction of the H region relative to
the O region, as a function of hdi. Solid lines: model using
the same parameters as in inset of a. Inset: PL image of
an H-terminated channel (hdi ⇡ 7 nm). d, hEzi vs Dsd cal-
culated for hdi = 17 nm. The dashed lines and data points
indicate the measured hEzi values for a comparable sample fol-
lowing various surface treatments, performed in order: oxygen
plasma (as used to form the O termination in a-c), acid clean-
ing, oxygen burning and piranha treatment (see details in SI).
Vertical error bars: ±� where � is the standard deviation.

the O region to 410 ± 5 kV/cm in the H region. This
is expected because H-terminated diamond is known to
have a lower electron a�nity, leading to e�cient charge
transfer from the diamond material onto acceptor species
adsorbed on the surface in ambient air [15]. This leads
to increased band bending and hence the increased elec-
tric field, beyond the threshold required to form a con-
ductive two-dimensional hole gas (2DHG) near the sur-
face [15, 29], which is imaged in an electrical device de-
scribed below. By fitting our model to the measured in-
crease in hEzi caused by the H termination (inset in Fig.
2a), one can infer the density of charged surface adsor-
bates (acceptors), Qsa ⇡ 0.07 nm�2, in good agreement
with the value derived from surface resistivity measure-
ments (see SI).

A consequence of the increased band bending is a de-
crease in the number of NV� centres, hence a decrease
in detected photoluminescence (PL), since the NVs clos-
est to the surface become charge neutral [30]. This is
illustrated in Fig. 2c, which shows the PL reduction as a
function of hdi, with an example PL image of a H chan-
nel shown in inset. This motivates the need to minimise
band bending via surface engineering for quantum sens-
ing applications, where the NV� to surface distance is
critical [18]. As a step towards this goal, we applied
various surface treatments in an attempt to reduce the
density of surface defects. Starting from a diamond ini-
tially O-terminated with an oxygen plasma as previously
(hEzi ⇡ 414 ± 10 kV/cm), we were able to reduce the
electric field to ⇡ 362± 6 kV/cm through a combination
of wet and dry treatments, which corresponds to a reduc-
tion of Dsd by nearly a factor 3 according to our theory
(Fig. 2d), and a reduction in the mean NV� depth from
⇡ 23 nm to ⇡ 19 nm. These trends are broadly consistent
with direct measurements of Dsd reported recently [26].
We note that another avenue to reduce Dsd is by etching
the diamond, as shown in the SI. These results illustrate
the value of in-situ electric field measurements, which
provide new insights into semiconductor surfaces.

We now demonstrate mapping of the electric field in an
active electrical device consisting of a driven conductive
2DHG channel formed with an H-terminated diamond
surface. Two-terminal devices were fabricated where
TiC/Pt/Au contacts (source and drain) are connected by
a H-terminated channel 100 µm in length and 20 µm in
width (Figs. 3a,b). Unexpectedly, upon applying a volt-
age VDS = +100 V an increase in hEzi was observed (by
up to a factor 2) in a well-defined region of the channel
extending over ⇡ 20 µm from the drain (Fig. 3c). Upon
inversion of the voltage (VDS = �100 V), the feature
moved to the other contact (Fig. 3d) to remain at the
hole drain. In addition, we observed an influence of the
position of the laser illumination spot used for the mea-
surements. In Figs. 3c,d, the laser spot was centred rela-
tive to the device as shown by the PL profile in Fig. 3e.
When the laser was moved by 50 µm towards the right-
hand contact (Figs. 3f-h), the region of increased electric
field appeared to extend further away (⇡ 40 µm) from
the left-hand contact under positive voltage (Fig. 3f), and
disappeared completely under negative voltage (Fig. 3g).

These observations are qualitatively interpreted as
a combination of two competing e↵ects, illustrated in
Fig. 3i: the injection of electrons from the drain contact
into charge traps in the diamond bulk, increasing the
electric field seen by the NV centres, and laser-induced
ionisation of these charge traps, allowing the electrons to
escape via the conduction band and returning the elec-
tric field to its zero-voltage value. This interpretation
is corroborated by the negative capacitance measured
for these devices (see SI). Line cuts taken at di↵erent
voltages (Fig. 3j) reveal that the electric field decreases
steadily from the contact (with a maximum value that
increases monotonically with voltage, see Fig. 3k) before
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resolution. Unique applications for magnetometers, such as
nanoscale NMR, have been intensively studied.21−26 Regarding
the electric field, the sensing principle and benefits of using the
NV center, such as the sensing capability at room temperature
and quantitative measurement of the electric field, have been
reported.11,12 Furthermore, the detection of a single charge has
been demonstrated as an application of electric field sensing.27

In the context of combined work on electronic devices and
fluorescent centers, charge state control,28−31 electrical
excitation,32−34 and electrical readout35−37 have been reported.
For the charge state control in the proximity of the surface,
band bending with an electric field plays a key role.38,39 For the
electrical readout process, the electric field was observed on a
diamond substrate containing an ensemble of NV centers.35 In
this study, we focus on the high electric field generated in the
space-charge region (SCR) of an electronic device structure
and report the direct sensing of this internal electric field under
reverse-biased conditions by observing the nuclear hyperfine
structure of NV centers.

RESULTS AND DISCUSSION
We fabricated vertical diamond p-i-n diodes31 for the electric
field measurements (Figure 1). A photograph and an
illustration of the measurement setup are shown in Figure
1a,b, respectively. The NV centers were fabricated inside the
intrinsic layer (i-layer) of the device by ion implantation with a
projected depth of approximately 350 nm. Figure 1c shows an
atomic force microscopy (AFM) image of the diamond p-i-n
diode, which clearly indicates a periodic structure in the i-layer
with a terrace width of 1.5 μm and a step height of 20 nm. This

result is evidence that step-flow growth occurred to form the
high-quality diamond film. This surface morphology is not
expected to affect the electric field at NV centers several
hundred nanometers below the surface. Figure 1d shows the I−
V curve of the diamond p-i-n diode, measured in immersion oil.
The device turns on with a threshold voltage of −4 V, and its
on current increases to 1.6 mA at −10 V. The reverse bias
(positive bias) expands the SCR in the i-layer. Although the
leakage current gradually increases as the voltage is increased, it
remains low and breakdown is not observed up to 200 V; this
trait is important for sensing the strong electric field in the
device. An on/off ratio of 105 was obtained at ±10 V, indicating
that the device functions as a diode.
For electric field sensing in semiconductor devices, a region

where the electric field is concentrated must be measured.
Because the n+-type diamond is patterned in the p-i-n diode
used here, the electric field concentrates and achieves the
maximum value at the edge of the n+-i interface. Hence, we
performed confocal fluorescence microscope observations to
locate the NV centers in the strong electric field region. Figure
2a shows a large-area top-view scanning confocal image near
the n+-i interface. The components of the diode structure can
be well-resolved by the difference in the fluorescence intensity.
The i-layer has the lowest background intensity, enabling the
observation of single NV centers. In the magnified image
(Figure 2b), we observed an NV center 540 nm from the n+-i
interface (denoted as NV in Figure 2b) at a depth of 410 nm
(Supporting Information, Figure S1). A diffraction-limited
spatial resolution of approximately 300 nm was obtained for the
sensing. The selected spot was confirmed to correspond to a
single NV center based on the Hanbury Brown and Twiss

Figure 1. Device structure and setup for electric field sensing. (a) Photograph of the sample configuration. The sample was fixed on the anode
contact metal with an electrically conducting adhesive. The devices were fabricated on the 2 × 2 mm2 diamond substrate. Inset: Top-view
optical microscope image of a diamond vertical p-i-n diode. (b) Measurement setup. The device was placed in immersion oil. Microwave
(MW) for magnetic resonance was radiated from a thin Cu wire. (c) AFM image (top panel) and line profile of the step structure along the
dashed line in the image (bottom curve). “C” in the top panel refers to the cathode electrode. (d) I−V curve measured in immersion oil. The
voltage was applied to the n+-type diamond at the top of the device.
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(HBT) measurement (Figure 2c), indicating that g2(0)
becomes smaller than 0.5, thus verifying the presence of the
single NV center.40

The interaction with the electric field leads to a change in the
triplet ground state of the NV center owing to the Stark
effect,11 which is detected by optically detected magnetic
resonance (ODMR). The electric field perpendicular to the N−
V axis (transverse electric field, E⊥) leads to a split of the
resonant line in the ODMR spectrum, whereas the electric field
along the N−V axis (axial electric field, Ez) shifts the center
positions of the resonant lines.12 Thus, in principle, the vector
components of the electric field can be estimated separately
with knowledge of the direction of the N−V axis. However, the
electric dipole moment parallel to the N−V axis is very small
compared with that perpendicular to the axis. Therefore, in this

study, we utilized NV centers with different axis directions to
sense the internal electric field in different directions. The axis
of the single NV center in Figure 2 was confirmed to be
oriented along the [111] direction normal to the sample
surface.
Figure 3a illustrates the cross-sectional device structure with

the SCR at different voltages. Even without an external bias (0
V), the SCR expands with a depth of 3.5 μm and a width of 5
μm owing to the built-in potential. Thus, in the SCR, the NV
center is exposed to the electric field in both the axial and
transverse directions with respect to the N−V axis (Figure 3a).
The SCR becomes larger with increasing voltage and reaches
the p-type substrate at V1 (<10 V in this device), called the
punch-through state. At the larger voltage V2, the axial electric
field increases linearly even though the SCR depth remains
fairly constant. In contrast, the SCR continues to expand in the
transverse direction, and thus, the transverse electric field also
increases continuously.
The ODMR spectra obtained by applying voltages from 0 to

150 V are shown in Figure 3b. The spectrum at 0 V contains
four peaks that originate from the nuclear hyperfine structure
between the electrons and nucleus of 14N in the NV center.41

The lowest and highest frequency peaks are the (ms = ±1, mI =
±1) states, where ms and mI are electron and nuclear spins,
respectively. The interior peaks correspond to the (ms = ±1, mI
= 0) states, with a splitting width of 2dgs

⊥Π⊥0/h = ∼0.83 MHz,
where Π⊥0 = σ⊥ + E⊥0, σ⊥ is the strain in the lattice, and E⊥0 is
the small electric field at 0 V; dgs

⊥ is the electric dipole moment
perpendicular to the N−V axis, and h is the Planck constant,
provided as dgs

⊥/h = 17 Hz·cm·V−1.11 Significantly, the splitting
of the peaks was not observed for mI = ±1, indicating that the
axial magnetic field (Bz) is effectively canceled by the three-axis
electromagnet (Supporting Information, Figure S2). Further-
more, a Hall sensor was used to confirm that the transverse
magnetic field (B⊥) was also canceled; this cancellation is
important for estimating the change in the magnetic resonance
frequencies due to the electric field.12 In Figure 3b, the split
width increases with the application of the reverse voltage,
suggesting that the NV center senses the internal transverse
electric field generated in the p-i-n diode. Note that no splitting

Figure 2. Confocal fluorescence microscope observation of NV
centers in the diamond p-i-n diode. (a,b) Top-view confocal
fluorescence microscope images. Panel b is a magnified image of
the white box in panel a. (c) Second-order autocorrelation
function, g2(τ), of the NV center shown in panel b. The
measurements were done with a 633 nm long-pass filter.

Figure 3. Sensing the internal electric field in a diamond device. (a) Cross-sectional schematic of the p-i-n diode showing the SCR at different
reverse voltages (V2 > V1 > 0 V) and a single NV center exposed to the axial and transverse electric fields. (b) ODMR spectra of the single NV
center under reverse-biased conditions up to 150 V. Gray lines are experimental data. Black and red lines indicate fitting for mI = 0 and mI =
±1, respectively. Blue lines are the envelopes of the fitting curves. (c) Relationship of transverse electric fields and strain fields (Π⊥) and
ODMR splitting width. Solid lines are drawn using the theoretical equations in the main text.
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resolution. Unique applications for magnetometers, such as
nanoscale NMR, have been intensively studied.21−26 Regarding
the electric field, the sensing principle and benefits of using the
NV center, such as the sensing capability at room temperature
and quantitative measurement of the electric field, have been
reported.11,12 Furthermore, the detection of a single charge has
been demonstrated as an application of electric field sensing.27

In the context of combined work on electronic devices and
fluorescent centers, charge state control,28−31 electrical
excitation,32−34 and electrical readout35−37 have been reported.
For the charge state control in the proximity of the surface,
band bending with an electric field plays a key role.38,39 For the
electrical readout process, the electric field was observed on a
diamond substrate containing an ensemble of NV centers.35 In
this study, we focus on the high electric field generated in the
space-charge region (SCR) of an electronic device structure
and report the direct sensing of this internal electric field under
reverse-biased conditions by observing the nuclear hyperfine
structure of NV centers.

RESULTS AND DISCUSSION
We fabricated vertical diamond p-i-n diodes31 for the electric
field measurements (Figure 1). A photograph and an
illustration of the measurement setup are shown in Figure
1a,b, respectively. The NV centers were fabricated inside the
intrinsic layer (i-layer) of the device by ion implantation with a
projected depth of approximately 350 nm. Figure 1c shows an
atomic force microscopy (AFM) image of the diamond p-i-n
diode, which clearly indicates a periodic structure in the i-layer
with a terrace width of 1.5 μm and a step height of 20 nm. This

result is evidence that step-flow growth occurred to form the
high-quality diamond film. This surface morphology is not
expected to affect the electric field at NV centers several
hundred nanometers below the surface. Figure 1d shows the I−
V curve of the diamond p-i-n diode, measured in immersion oil.
The device turns on with a threshold voltage of −4 V, and its
on current increases to 1.6 mA at −10 V. The reverse bias
(positive bias) expands the SCR in the i-layer. Although the
leakage current gradually increases as the voltage is increased, it
remains low and breakdown is not observed up to 200 V; this
trait is important for sensing the strong electric field in the
device. An on/off ratio of 105 was obtained at ±10 V, indicating
that the device functions as a diode.
For electric field sensing in semiconductor devices, a region

where the electric field is concentrated must be measured.
Because the n+-type diamond is patterned in the p-i-n diode
used here, the electric field concentrates and achieves the
maximum value at the edge of the n+-i interface. Hence, we
performed confocal fluorescence microscope observations to
locate the NV centers in the strong electric field region. Figure
2a shows a large-area top-view scanning confocal image near
the n+-i interface. The components of the diode structure can
be well-resolved by the difference in the fluorescence intensity.
The i-layer has the lowest background intensity, enabling the
observation of single NV centers. In the magnified image
(Figure 2b), we observed an NV center 540 nm from the n+-i
interface (denoted as NV in Figure 2b) at a depth of 410 nm
(Supporting Information, Figure S1). A diffraction-limited
spatial resolution of approximately 300 nm was obtained for the
sensing. The selected spot was confirmed to correspond to a
single NV center based on the Hanbury Brown and Twiss

Figure 1. Device structure and setup for electric field sensing. (a) Photograph of the sample configuration. The sample was fixed on the anode
contact metal with an electrically conducting adhesive. The devices were fabricated on the 2 × 2 mm2 diamond substrate. Inset: Top-view
optical microscope image of a diamond vertical p-i-n diode. (b) Measurement setup. The device was placed in immersion oil. Microwave
(MW) for magnetic resonance was radiated from a thin Cu wire. (c) AFM image (top panel) and line profile of the step structure along the
dashed line in the image (bottom curve). “C” in the top panel refers to the cathode electrode. (d) I−V curve measured in immersion oil. The
voltage was applied to the n+-type diamond at the top of the device.
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FIG. 1. Mapping band bending with in-situ quantum sensors. a, Principle of the experiment, where NV sensors
(green dots) probe the electric field associated with surface band bending, here visualised as a distribution of space charge
density. b, Calculated electric field profile for a typical (001)-oriented, oxygen-terminated diamond surface, modelled as a layer
of surface acceptor defects with a density of states centred at 1.5 eV above the valence band maximum [26] and a surface
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the NV� population at equilibrium, and the green (red) shading represents the region where the NV� (NV0) charge state is
dominant. Inset: corresponding band diagram near the surface, where EC is the conduction band minimum, EV the valence
band maximum, EF the Fermi level, and NV� represents the charge transition level of the NV centre, i.e. NV� is the stable
charge state when this level is below EF . c, Diagram of the experimental set-up showing the diamond sample mounted on a glass
slide patterned with gold to allow microwave (MW) injection and interfacing with electrical devices, illumination with a green
laser and imaging of the NV red photoluminescence (PL) with a camera. d, Example ODMR spectrum recorded for an ensemble

of near-surface NV centres in an oxygen-terminated diamond under a magnetic field ~B0 chosen to be perpendicular (within less
than 3�) to a given NV family (here NVA). Each resonance is labelled according to the corresponding NV orientation, defined
in e. The solid line is a multiple-Lorentzian fit. e, The four possible tetrahedral orientations of the NV bond with respect to
the sample reference frame xyz.

the negatively charged state (NV�) usable for sensing
(Fig. 1b). The expectation value for an electric field mea-
surement, i.e. Ez(z) averaged over the NV� distribution,
is hEzi ⇡ 600 kV/cm, well in the range of sensitivity of
the NV centre [14].

To measure this electric field, we performed optically
detected magnetic resonance (ODMR) spectroscopy on
the NV centres, using the experimental set-up depicted
in Fig. 1c. An example ODMR spectrum obtained from
a near-surface NV ensemble (hdi ⇡ 10 nm) is shown
in Fig. 1d. A small magnetic field ~B0 (of magnitude
B0 ⇠ 6 mT) was applied to split the eight otherwise de-
generate electron spin resonances corresponding to the
four possible NV defect orientations relative to the dia-
mond crystal (Fig. 1e), and carefully oriented so as to
maximise the sensitivity to electric fields [14] (see SI).
The spectrum was fit to extract the eight resonance fre-
quencies, which are then compared to the standard NV
spin Hamiltonian including the Zeeman and Stark ef-
fects [14, 28], allowing us to infer the full vector magnetic

and electric fields simultaneously (except for an overall
sign ambiguity, i.e. ~E and �~E yield the same ODMR
spectrum). Importantly, we found that the measured
frequencies could be satisfactorily fit only when account-
ing for the Stark e↵ect, providing clear evidence of the
presence of a non-vanishing electric field (see fit error
analysis in SI). For the data shown in Fig. 1d, we obtain
hEzi = 372 ± 5 kV/cm (where we fixed Ex = Ey = 0 to
reduce the uncertainty), reasonably close to our estimate.

To illustrate the 3D mapping capability, we formed
NV centres at di↵erent depths in distinct diamonds and
measured the electric field as explained above. We found
that hEzi decreased from 432± 10 kV/cm at hdi ⇡ 7 nm
to 291 ± 5 kV/cm at hdi ⇡ 35 nm (Fig. 2a), in good
agreement with our modelling for Dsd in the range 0.06�
1 nm�2. We next studied the e↵ect of surface termination
on the electric field by forming a hydrogen-terminated
(H) channel on an otherwise oxygen-terminated (O) di-
amond. An example of the resulting hEzi map is shown
in Fig. 2b, revealing an increase from 372± 5 kV/cm in
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FIG. 2. Electric field versus implantation depth and
surface termination. a, Electric field, hEzi, as a func-
tion the mean implantation depth, hdi, for O-terminated di-
amond. Solid lines: result of the band bending model de-
scribed in Fig. 1b with Dsd = 0.06 nm�2 (lower curve) and
Dsd = 1 nm�2 (upper), with the shading representing inter-
mediate values. Inset: Di↵erence �hEzi = hEziH � hEziO be-
tween the electric field measured for H- and O-terminated dia-
mond. Solid lines: model using a fixed density of charged sur-
face adsorbates, Qsa = 0.07 nm�2, and withDsd = 0.08 nm�2

(upper curve) and Dsd = 1 nm�2 (lower). b, hEzi map
of an H-terminated channel on an O-terminated background
(hdi ⇡ 10 nm). c, PL reduction of the H region relative to
the O region, as a function of hdi. Solid lines: model using
the same parameters as in inset of a. Inset: PL image of
an H-terminated channel (hdi ⇡ 7 nm). d, hEzi vs Dsd cal-
culated for hdi = 17 nm. The dashed lines and data points
indicate the measured hEzi values for a comparable sample fol-
lowing various surface treatments, performed in order: oxygen
plasma (as used to form the O termination in a-c), acid clean-
ing, oxygen burning and piranha treatment (see details in SI).
Vertical error bars: ±� where � is the standard deviation.

the O region to 410 ± 5 kV/cm in the H region. This
is expected because H-terminated diamond is known to
have a lower electron a�nity, leading to e�cient charge
transfer from the diamond material onto acceptor species
adsorbed on the surface in ambient air [15]. This leads
to increased band bending and hence the increased elec-
tric field, beyond the threshold required to form a con-
ductive two-dimensional hole gas (2DHG) near the sur-
face [15, 29], which is imaged in an electrical device de-
scribed below. By fitting our model to the measured in-
crease in hEzi caused by the H termination (inset in Fig.
2a), one can infer the density of charged surface adsor-
bates (acceptors), Qsa ⇡ 0.07 nm�2, in good agreement
with the value derived from surface resistivity measure-
ments (see SI).

A consequence of the increased band bending is a de-
crease in the number of NV� centres, hence a decrease
in detected photoluminescence (PL), since the NVs clos-
est to the surface become charge neutral [30]. This is
illustrated in Fig. 2c, which shows the PL reduction as a
function of hdi, with an example PL image of a H chan-
nel shown in inset. This motivates the need to minimise
band bending via surface engineering for quantum sens-
ing applications, where the NV� to surface distance is
critical [18]. As a step towards this goal, we applied
various surface treatments in an attempt to reduce the
density of surface defects. Starting from a diamond ini-
tially O-terminated with an oxygen plasma as previously
(hEzi ⇡ 414 ± 10 kV/cm), we were able to reduce the
electric field to ⇡ 362± 6 kV/cm through a combination
of wet and dry treatments, which corresponds to a reduc-
tion of Dsd by nearly a factor 3 according to our theory
(Fig. 2d), and a reduction in the mean NV� depth from
⇡ 23 nm to ⇡ 19 nm. These trends are broadly consistent
with direct measurements of Dsd reported recently [26].
We note that another avenue to reduce Dsd is by etching
the diamond, as shown in the SI. These results illustrate
the value of in-situ electric field measurements, which
provide new insights into semiconductor surfaces.

We now demonstrate mapping of the electric field in an
active electrical device consisting of a driven conductive
2DHG channel formed with an H-terminated diamond
surface. Two-terminal devices were fabricated where
TiC/Pt/Au contacts (source and drain) are connected by
a H-terminated channel 100 µm in length and 20 µm in
width (Figs. 3a,b). Unexpectedly, upon applying a volt-
age VDS = +100 V an increase in hEzi was observed (by
up to a factor 2) in a well-defined region of the channel
extending over ⇡ 20 µm from the drain (Fig. 3c). Upon
inversion of the voltage (VDS = �100 V), the feature
moved to the other contact (Fig. 3d) to remain at the
hole drain. In addition, we observed an influence of the
position of the laser illumination spot used for the mea-
surements. In Figs. 3c,d, the laser spot was centred rela-
tive to the device as shown by the PL profile in Fig. 3e.
When the laser was moved by 50 µm towards the right-
hand contact (Figs. 3f-h), the region of increased electric
field appeared to extend further away (⇡ 40 µm) from
the left-hand contact under positive voltage (Fig. 3f), and
disappeared completely under negative voltage (Fig. 3g).

These observations are qualitatively interpreted as
a combination of two competing e↵ects, illustrated in
Fig. 3i: the injection of electrons from the drain contact
into charge traps in the diamond bulk, increasing the
electric field seen by the NV centres, and laser-induced
ionisation of these charge traps, allowing the electrons to
escape via the conduction band and returning the elec-
tric field to its zero-voltage value. This interpretation
is corroborated by the negative capacitance measured
for these devices (see SI). Line cuts taken at di↵erent
voltages (Fig. 3j) reveal that the electric field decreases
steadily from the contact (with a maximum value that
increases monotonically with voltage, see Fig. 3k) before
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FIG. 2. Electric field versus implantation depth and
surface termination. a, Electric field, hEzi, as a func-
tion the mean implantation depth, hdi, for O-terminated di-
amond. Solid lines: result of the band bending model de-
scribed in Fig. 1b with Dsd = 0.06 nm�2 (lower curve) and
Dsd = 1 nm�2 (upper), with the shading representing inter-
mediate values. Inset: Di↵erence �hEzi = hEziH � hEziO be-
tween the electric field measured for H- and O-terminated dia-
mond. Solid lines: model using a fixed density of charged sur-
face adsorbates, Qsa = 0.07 nm�2, and withDsd = 0.08 nm�2

(upper curve) and Dsd = 1 nm�2 (lower). b, hEzi map
of an H-terminated channel on an O-terminated background
(hdi ⇡ 10 nm). c, PL reduction of the H region relative to
the O region, as a function of hdi. Solid lines: model using
the same parameters as in inset of a. Inset: PL image of
an H-terminated channel (hdi ⇡ 7 nm). d, hEzi vs Dsd cal-
culated for hdi = 17 nm. The dashed lines and data points
indicate the measured hEzi values for a comparable sample fol-
lowing various surface treatments, performed in order: oxygen
plasma (as used to form the O termination in a-c), acid clean-
ing, oxygen burning and piranha treatment (see details in SI).
Vertical error bars: ±� where � is the standard deviation.

the O region to 410 ± 5 kV/cm in the H region. This
is expected because H-terminated diamond is known to
have a lower electron a�nity, leading to e�cient charge
transfer from the diamond material onto acceptor species
adsorbed on the surface in ambient air [15]. This leads
to increased band bending and hence the increased elec-
tric field, beyond the threshold required to form a con-
ductive two-dimensional hole gas (2DHG) near the sur-
face [15, 29], which is imaged in an electrical device de-
scribed below. By fitting our model to the measured in-
crease in hEzi caused by the H termination (inset in Fig.
2a), one can infer the density of charged surface adsor-
bates (acceptors), Qsa ⇡ 0.07 nm�2, in good agreement
with the value derived from surface resistivity measure-
ments (see SI).

A consequence of the increased band bending is a de-
crease in the number of NV� centres, hence a decrease
in detected photoluminescence (PL), since the NVs clos-
est to the surface become charge neutral [30]. This is
illustrated in Fig. 2c, which shows the PL reduction as a
function of hdi, with an example PL image of a H chan-
nel shown in inset. This motivates the need to minimise
band bending via surface engineering for quantum sens-
ing applications, where the NV� to surface distance is
critical [18]. As a step towards this goal, we applied
various surface treatments in an attempt to reduce the
density of surface defects. Starting from a diamond ini-
tially O-terminated with an oxygen plasma as previously
(hEzi ⇡ 414 ± 10 kV/cm), we were able to reduce the
electric field to ⇡ 362± 6 kV/cm through a combination
of wet and dry treatments, which corresponds to a reduc-
tion of Dsd by nearly a factor 3 according to our theory
(Fig. 2d), and a reduction in the mean NV� depth from
⇡ 23 nm to ⇡ 19 nm. These trends are broadly consistent
with direct measurements of Dsd reported recently [26].
We note that another avenue to reduce Dsd is by etching
the diamond, as shown in the SI. These results illustrate
the value of in-situ electric field measurements, which
provide new insights into semiconductor surfaces.

We now demonstrate mapping of the electric field in an
active electrical device consisting of a driven conductive
2DHG channel formed with an H-terminated diamond
surface. Two-terminal devices were fabricated where
TiC/Pt/Au contacts (source and drain) are connected by
a H-terminated channel 100 µm in length and 20 µm in
width (Figs. 3a,b). Unexpectedly, upon applying a volt-
age VDS = +100 V an increase in hEzi was observed (by
up to a factor 2) in a well-defined region of the channel
extending over ⇡ 20 µm from the drain (Fig. 3c). Upon
inversion of the voltage (VDS = �100 V), the feature
moved to the other contact (Fig. 3d) to remain at the
hole drain. In addition, we observed an influence of the
position of the laser illumination spot used for the mea-
surements. In Figs. 3c,d, the laser spot was centred rela-
tive to the device as shown by the PL profile in Fig. 3e.
When the laser was moved by 50 µm towards the right-
hand contact (Figs. 3f-h), the region of increased electric
field appeared to extend further away (⇡ 40 µm) from
the left-hand contact under positive voltage (Fig. 3f), and
disappeared completely under negative voltage (Fig. 3g).

These observations are qualitatively interpreted as
a combination of two competing e↵ects, illustrated in
Fig. 3i: the injection of electrons from the drain contact
into charge traps in the diamond bulk, increasing the
electric field seen by the NV centres, and laser-induced
ionisation of these charge traps, allowing the electrons to
escape via the conduction band and returning the elec-
tric field to its zero-voltage value. This interpretation
is corroborated by the negative capacitance measured
for these devices (see SI). Line cuts taken at di↵erent
voltages (Fig. 3j) reveal that the electric field decreases
steadily from the contact (with a maximum value that
increases monotonically with voltage, see Fig. 3k) before
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four orientations of the NV centers existing
in a 100-oriented diamond (21).
The energy levels of a given NV center are

modified by the magnetic field and by the
strain field existing in the anvil. The combi-
nation of these two perturbations results in
both a shift and a splitting of the MW reso-
nance frequency (22). As illustrated in Fig. 1B,
the hydrostatic component of the strain shifts
the resonance frequency, whereas its non-
hydrostatic component and themagnetic field
both split the resonance around its center
frequency. Extracting the magnetic field cre-
ated by the iron bead magnetization from
these resonances recorded at high pressure
requires taking into account the competing
effects of the magnetic field and the strain
field, which add quadratically (23). A typical
spectrum obtained in the experiment is shown
in Fig. 1C. To first order, the effect of the
magnetic field is proportional to its longitu-
dinal component along the N-V axis; this
leads to a spectrum consisting of four double
resonances linked to the four NV orienta-
tions. A map of the measured raw frequency
splittings in an area surrounding an iron bead
(red square in the sample image in Fig. 2) is
shown for each family of NV centers at the pres-
sure of 24 GPa (color plots in Fig. 2). The split-
ting induced by the iron bead magnetization
is on the order of a few megahertz, which can
be resolved over the splitting induced by B0.
Even before any data analysis, such images
can be recorded live during the experiment,
providing direct evidence of pressure-induced
modifications of the magnetic properties. This
optical mapping has a resolution of ~1 mm,
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Fig. 1. Implementation of NV magnetometry in a
DAC. (A) Scheme of the DAC setup. A 250-mm-wide
disk of NV centers was implanted in the 300-mm-wide
culet of one of the two anvils shown in blue. A rhenium
gasket (in gray) enclosed the sample and a ruby
pressure gauge. A single-loop wire was placed on the
gasket to generate the microwave excitation. A green
laser with 532-nm wavelength was used to excite the
red luminescence of the NV centers. The electron spin
resonance was detected through its effect on the
luminescence by imaging the layer of NV centers on a
camera. (B) Electronic structure of the NV center
ground state with the modification of the energy levels
induced by the strain in the anvil and the magnetic
field. Hydrostatic compression shifts the resonance by
d, whereas nonhydrostatic strain splits the resonance
into two components with a frequency splitting of 2Dstr.
The additional influence of the applied magnetic field
leads to a total frequency splitting of 2D. (C) Typical
resonance spectra recorded with an ensemble of NV
centers. In the absence of any perturbation, the
spectrum consists of a single resonance at D = 2.87
GHz. The combination of the strain with the projections
of the magnetic field on the four NV orientations in
the crystal leads to eight resonance peaks.

Fig. 2. Frequency splittings
associated with the mag-
netization of an iron bead.
The center image shows the
iron samples inside the
gasket. The four color plots
show the maps of frequency
splittings at 24 GPa for the
four NV orientations across
the region surrounding an
iron bead (red square in the
center image). For each NV
orientation, the N atom is
shown in blue, the vacancy V
is shown in white, and the
carbon atoms of the lattice
are shown in black. The
splittings combine the effect
of nonhydrostatic strain in
the anvil, the applied
magnetic field, and the stray
magnetic field created by the
bead magnetization. a, b,
and g are reference axes
linked to the anvil used to
identify the four NV orienta-
tions. The dotted lines indi-
cate the orientation of the
anvil surface.
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The NV center under pressure
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reasonably to a previous measurement of 5.5 meV=GPa
obtained from high density ensembles of NV− centers in
type Ib diamond using a N2 pressure medium [44]. The
small difference can be attributed to the significantly
inhomogeneously strain broadened optical ZPLs of the
high density ensembles and the different quasihydrostatic
behavior of N2 pressure media.
Our hydrostatic pressure ODMRmeasurements provided

a controlled means to probe the electronic orbitals of the
NV− center. Under hydrostatic pressure, the equilibrium
positions of the nuclei of the lattice contract and thus, the
defect orbitals change. Considering the ground 3A2 level, the
change in the defect orbitals corresponds to the contraction
of the unpaired spin density of the level, which thereby
increases the electronic spin-spin interactions and D.
Picturing the defect orbitals as linear combinations of atomic
orbitals [39], the contraction of the unpaired spin density
maybe seen to have two aspects: (1) the compression of the

nuclear lattice decreases the distance between atomic
orbitals, and (2) the compression of the nuclear lattice
deepens the localizing electrostatic potential of the center,
thereby modifying the linear combinations such that the
defect orbitals become more localized to the atoms closer to
the vacancy. Elaborating on (2), EPR observations and ab
initio calculations [29–32] indicate that the defect orbitals
are combinations of the orbitals of atoms belonging to
concentric shells centered on the vacancy, such that the
greatest contributions are from the three nearest neighbor
carbon atoms of the vacancy. As pressure is increased, it is
pictured that the contributions of orbitals of the inner shell
atoms increase as the contributions of more distant shell
atoms decrease, thereby resulting in a net shift of electron
probability density towards the vacancy.
This picture can be demonstrated using the molecular

model of the NV− center [33,34,45], where the spin-spinD
parameter of the 3A2 level is given by

D ¼ Chexðr⃗1Þeyðr⃗2Þj
1

r312

− 3z212
r512

½jexðr⃗1Þeyðr⃗2Þi − jeyðr⃗1Þexðr⃗2Þi%; (2)

where C ¼ 3μ0g2eμ2B=16πh is a constant, μ0 is the per-
meability of free space, ge is the free electron g factor, μB is
the Bohr magneton, h is Planck’s constant, r⃗i ¼ xi ^⃗xþ
yi ^⃗yþ zi ^⃗z is the position of the ith electron, r12 ¼ jr⃗2 − r⃗1j
and z12 ¼ z2 − z1. The dominant contributions to the above
expression can be determined by expanding the defect
orbitals in terms of their linear combinations of atomic
orbitals and retaining just the contributions from the
dangling sp3 atomic orbitals (c1, c2, c3) of the vacancy’s
three nearest-neighbor carbon atoms. Note that the
dangling nitrogen atomic orbital does not contribute to
the e defect orbitals [33,34,45]. Applying the symmetry
relationships between the carbon orbitals and ignoring
orbital overlaps, D is simplified to

D ≈ Cκ2hc1ðr⃗1Þc2ðr⃗2Þj
1

r312
− 3z212

r512
jc1ðr⃗1Þc2ðr⃗2Þi; (3)

where κ is the fraction of e orbital probability density
associated with the three nearest neighbor carbon atoms.
This approximation clearly shows that the dominant con-
tribution to D is a direct integral between the dangling sp3

electronic densities of the carbon atoms surrounding the
vacancy. This direct integral is reduced by the unpaired spin
density κ of the e defect orbitals centered on the carbon
atoms surrounding the vacancy. Interpretations of EPR
studies have estimated κ ∼ 0.84 [30].
Under hydrostatic pressure, the nuclear lattice is isotropi-

cally compressed. The normal nuclear displacement coor-
dinate Q ¼ P=γB of hydrostatic compression is connected
to the pressure P via the diamond bulk modulus B and a
geometric factor γ that relates the hydrostatic volume strain

FIG. 3 (color online). (a) Example NV− ODMR spectra in the
quasihydrostatic NaCl pressure medium. The dashed line
indicates the position of the resonance at ambient pressure. (b)
The pressure shift of the optical ZPL. Solid line is a linear fit
extrapolated to the position of the 532 nm excitation laser. (c) The
measured ODMR splitting parameter D in quasihydrostatic
(NaCl) and hydrostatic (Ne) pressure media up to 60 GPa. D
is taken as the midpoint of the two ODMR peaks and error bars
correspond to the full width of the ODMR peaks (see Ref. [41] for
further details). Inset: the ODMR spectrum in Ne at 60 GPa.

PRL 112, 047601 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
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Resonance shift
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The NV center as a nanoscale thermometer
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Figure 4: (a) The observed temperature variation of Dg.s. and the fit of a quadratic polynomial
Dg.s. = ag.s.+bg.s.T +cg.s.T 2, where ag.s. = 2870(3)MHz, bg.s. = 6(1)×10−2 MHz/K and cg.s. =
−2.3(2)×10−4 MHz/K2. (b) Comparison of the temperature shift ΔDg.s.(T ) observed here in two
different nano-diamonds (blue and red solid) and the previous observation in bulk diamond (black
dashed).14 Error bars in (a) are smaller than the point size (see supplementary information).

K,23,24 we did not conclusively observe a temperature variation of Eg.s. up to 600 K. The difficulty

in observing the temperature shift of Eg.s. arises from its much smaller magnitude (∼ 10MHz here),

which based upon the 0.01 fractional change ofDg.s. over the range 300-600 K, implies a variation

of Eg.s. at the limit of detection (∼ 0.1 MHz here). The first-principles model of Eg.s. identifies

that the temperature variation of Eg.s. is potentially much more complicated than Dg.s. due to a

mixture of strain and transverse spin-spin factors (see supplementary information for discussion).

The approximate temperature independence of Eg.s. in nano-diamond is, however, an important

observation for ODMR thermometry techniques that utilize a single ground state spin resonance

(with frequency Dg.s.±Eg.s. in the absence of a magnetic field), since the temperature variation of

the spin resonance is restricted to just that of Dg.s..

At each temperature, the observed 3E ODMR spectra exhibited just two lines with no hyperfine

structure (see Figure 5a). This is due to the strain at this particular center being sufficiently large

that the hyperfine resonances overlap (as depicted in Figure 1). In this regime, the minor splitting

of the ms =±1 sub-levels is the weighted average of the hyperfine resonances 2εe.s.(T ), where

εe.s.(T ) =
1
3
Ee.s.(T )+

2
3

[

A
‖2
e.s.+E

2
e.s.(T )

]
1
2 (7)

The observed temperature variation ofDe.s. and εe.s. are depicted in Figures 5b and 5c. As demon-

13
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doi:10.1038/nature12373

Nanometre-scale thermometry in a living cell
G. Kucsko1*, P. C. Maurer1*, N. Y. Yao1, M. Kubo2, H. J. Noh3, P. K. Lo4, H. Park1,2,3 & M. D. Lukin1

Sensitive probing of temperature variations on nanometre scales is
an outstanding challenge in many areas of modern science and
technology1. In particular, a thermometer capable of subdegree
temperature resolution over a large range of temperatures as well
as integration within a living system could provide a powerful new
tool in many areas of biological, physical and chemical research.
Possibilities range from the temperature-induced control of gene
expression2–5 and tumour metabolism6 to the cell-selective treat-
ment of disease7,8 and the study of heat dissipation in integrated
circuits1. By combining local light-induced heat sources with sensi-
tive nanoscale thermometry, it may also be possible to engineer
biological processes at the subcellular level2–5. Here we demonstrate
a new approach to nanoscale thermometry that uses coherent mani-
pulation of the electronic spin associated with nitrogen–vacancy
colour centres in diamond. Our technique makes it possible to detect
temperature variations as small as 1.8 mK (a sensitivity of 9 mK Hz21/2)
in an ultrapure bulk diamond sample. Using nitrogen–vacancy centres
in diamond nanocrystals (nanodiamonds), we directly measure the
local thermal environment on length scales as short as 200 nano-
metres. Finally, by introducing both nanodiamonds and gold nano-
particles into a single human embryonic fibroblast, we demonstrate

temperature-gradient control and mapping at the subcellular level,
enabling unique potential applications in life sciences.

Many promising approaches to local temperature sensing1 are being
explored at present. These include scanning probe microscopy1,9,
Raman spectroscopy10, and fluorescence-based measurements using
nanoparticles11,12 and organic dyes13,14. Fluorescent polymers13 and green
fluorescent proteins14 have recently been used for temperature mapping
within a living cell. However, many of these existing methods are
limited by drawbacks such as low sensitivity and systematic errors
due to fluctuations in the fluorescence rate11,12, the local chemical
environment13 and the optical properties of the surrounding medium14.
Moreover, although promising, methods based on green fluorescent
proteins rely on cellular transfection14 that proves to be difficult to
achieve in certain primary cell types15. Our new approach to nanoscale
thermometry uses the quantum mechanical spin associated with nitrogen–
vacancy colour centres in diamond. As illustrated in Fig. 1b, in its
electronic ground state each nitrogen–vacancy centre constitutes a
spin-1 system. These spin states can be coherently manipulated using
microwave pulses and efficiently initialized and detected by means of
laser illumination (Supplementary Information). In the absence of an
external magnetic field, the precise value of the transition frequency

*These authors contributed equally to this work.

1Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA. 2Department of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts 02138, USA. 3Broad
Institute of MIT and Harvard University, 7 Cambridge Center, Cambridge,Massachusetts 02142,USA. 4Department of Biology and Chemistry, City University of Hong Kong, Tat Chee Avenue, Kowloon,Hong
Kong SAR, China.
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Figure 1 | Nitrogen–vacancy-based nanoscale thermometry. a, Schematic
image depicting nanodiamonds (grey diamonds) and a gold nanoparticle
(yellow sphere) within a living cell (central blue object; others are similar) with
coplanar waveguide (yellow stripes) in the background. The controlled
application of local heat is achieved by laser illumination of the gold
nanoparticle, and nanoscale thermometry is achieved by precision
spectroscopy of the nitrogen–vacancy spins in the nanodiamonds. b, Simplified
nitrogen–vacancy level diagram showing a ground-state spin triplet and an

excited state. At zero magnetic field, the | 61æ sublevels are split from the | 0æ
state by a temperature-dependent zero field splitting D(T). Pulsed microwave
radiation is applied (detuning, d) to perform Ramsey-type spectroscopy.
c, Comparison of sensor sizes and temperature accuracies for the nitrogen–
vacancy quantum thermometer and other reported techniques. Red circles
indicate methods that are biologically compatible. The open red circle indicates
the ultimate expected accuracy for our measurement technique in solution
(Methods).
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First direct measurement of cell temperature 
increase related to the activity of hyppocampal neurons 
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Rabi oscillations for a NV center
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Figure 5
Sensing techniques and protocols, showing (top) pulse-timing diagrams and (bottom) example measurements. (a) Continuous-wave
detection of the spectral line shift. The frequency difference between curves is 4.7 MHz, corresponding to a magnetic field difference of
0.16 mT. (b) Pulsed detection of the spin precession (Ramsey fringes) in a pump-probe experiment. The frequency difference between
curves is 0.25 MHz, corresponding to a magnetic field difference of 9.0 µT. Oscillations are shown relative to a 2,753-MHz carrier
frequency. (c) Relaxometry measurement, showing T1 relaxation of a nitrogen-vacancy center in a 25-nm nanodiamond in the presence
and absence of paramagnetic GdCl3 salt. The black dots mark changes in intensity caused by tuning the microwave frequency to the
point of highest slope. The black arrows denote the increase and decrease in fluorescence intensity as the resonance shifts up and down
in frequency, respectively.

and recording changes in intensity. As the resonance shifts up or down in frequency, the fluores-
cence intensity is raised or lowered, respectively. The smallest detectable frequency shift (at unit
signal-to-noise ratio) is approximately given by

!ω ≈ a
2η

√
I0T

, (2)

where a is the line width (0.5 times the full width at half maximum) of the EPR transition, η ≈ 30%
is the optical contrast between mS = 0 and mS = ±1, I0 is the photon count rate, and T is the
integration time. For the example in Figure 5a, a ≈ 9.5 MHz, η ≈ 29%, and I0 ≈ 5 × 104 s−1,
yielding !ω ≈ 2π ×73 kHz for a 1-s integration time. The sensitivity can be drastically improved
by collecting photons from many NV centers simultaneously (ensemble magnetometry) at the
expense of losing the exquisite nanoscale resolution provided by single defects.

Frequency detection has been extended by several tricks, including real-time tracking (68),
multifrequency excitation (69), and the detection of multiple NV centers with different crystallo-
graphic orientations for vector field measurements (70, 71). Moreover, by using large ensembles
of NV centers in bigger crystals, investigators have achieved detection rates up to megahertz and
sensitivities below kHz/

√
Hz (72).

4.2.2. Pulsed experiments. More sensitive approaches rely on pulsed experiments in a pump-
probe scheme with the laser turned off during the sensing period. The advantage of pulsed
experiments is that no optical repumping occurs during the sensing period, and very long coherent
evolution times τ can be achieved (up to milliseconds) (48, 49). Moreover, pulsed experiments
can take advantage of the many refined microwave sequences that have been developed over the
decades in the field of magnetic resonance (73).
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Figure 5
Sensing techniques and protocols, showing (top) pulse-timing diagrams and (bottom) example measurements. (a) Continuous-wave
detection of the spectral line shift. The frequency difference between curves is 4.7 MHz, corresponding to a magnetic field difference of
0.16 mT. (b) Pulsed detection of the spin precession (Ramsey fringes) in a pump-probe experiment. The frequency difference between
curves is 0.25 MHz, corresponding to a magnetic field difference of 9.0 µT. Oscillations are shown relative to a 2,753-MHz carrier
frequency. (c) Relaxometry measurement, showing T1 relaxation of a nitrogen-vacancy center in a 25-nm nanodiamond in the presence
and absence of paramagnetic GdCl3 salt. The black dots mark changes in intensity caused by tuning the microwave frequency to the
point of highest slope. The black arrows denote the increase and decrease in fluorescence intensity as the resonance shifts up and down
in frequency, respectively.

and recording changes in intensity. As the resonance shifts up or down in frequency, the fluores-
cence intensity is raised or lowered, respectively. The smallest detectable frequency shift (at unit
signal-to-noise ratio) is approximately given by

!ω ≈ a
2η

√
I0T

, (2)

where a is the line width (0.5 times the full width at half maximum) of the EPR transition, η ≈ 30%
is the optical contrast between mS = 0 and mS = ±1, I0 is the photon count rate, and T is the
integration time. For the example in Figure 5a, a ≈ 9.5 MHz, η ≈ 29%, and I0 ≈ 5 × 104 s−1,
yielding !ω ≈ 2π ×73 kHz for a 1-s integration time. The sensitivity can be drastically improved
by collecting photons from many NV centers simultaneously (ensemble magnetometry) at the
expense of losing the exquisite nanoscale resolution provided by single defects.

Frequency detection has been extended by several tricks, including real-time tracking (68),
multifrequency excitation (69), and the detection of multiple NV centers with different crystallo-
graphic orientations for vector field measurements (70, 71). Moreover, by using large ensembles
of NV centers in bigger crystals, investigators have achieved detection rates up to megahertz and
sensitivities below kHz/

√
Hz (72).

4.2.2. Pulsed experiments. More sensitive approaches rely on pulsed experiments in a pump-
probe scheme with the laser turned off during the sensing period. The advantage of pulsed
experiments is that no optical repumping occurs during the sensing period, and very long coherent
evolution times τ can be achieved (up to milliseconds) (48, 49). Moreover, pulsed experiments
can take advantage of the many refined microwave sequences that have been developed over the
decades in the field of magnetic resonance (73).
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Figure 5
Sensing techniques and protocols, showing (top) pulse-timing diagrams and (bottom) example measurements. (a) Continuous-wave
detection of the spectral line shift. The frequency difference between curves is 4.7 MHz, corresponding to a magnetic field difference of
0.16 mT. (b) Pulsed detection of the spin precession (Ramsey fringes) in a pump-probe experiment. The frequency difference between
curves is 0.25 MHz, corresponding to a magnetic field difference of 9.0 µT. Oscillations are shown relative to a 2,753-MHz carrier
frequency. (c) Relaxometry measurement, showing T1 relaxation of a nitrogen-vacancy center in a 25-nm nanodiamond in the presence
and absence of paramagnetic GdCl3 salt. The black dots mark changes in intensity caused by tuning the microwave frequency to the
point of highest slope. The black arrows denote the increase and decrease in fluorescence intensity as the resonance shifts up and down
in frequency, respectively.

and recording changes in intensity. As the resonance shifts up or down in frequency, the fluores-
cence intensity is raised or lowered, respectively. The smallest detectable frequency shift (at unit
signal-to-noise ratio) is approximately given by

!ω ≈ a
2η

√
I0T

, (2)

where a is the line width (0.5 times the full width at half maximum) of the EPR transition, η ≈ 30%
is the optical contrast between mS = 0 and mS = ±1, I0 is the photon count rate, and T is the
integration time. For the example in Figure 5a, a ≈ 9.5 MHz, η ≈ 29%, and I0 ≈ 5 × 104 s−1,
yielding !ω ≈ 2π ×73 kHz for a 1-s integration time. The sensitivity can be drastically improved
by collecting photons from many NV centers simultaneously (ensemble magnetometry) at the
expense of losing the exquisite nanoscale resolution provided by single defects.

Frequency detection has been extended by several tricks, including real-time tracking (68),
multifrequency excitation (69), and the detection of multiple NV centers with different crystallo-
graphic orientations for vector field measurements (70, 71). Moreover, by using large ensembles
of NV centers in bigger crystals, investigators have achieved detection rates up to megahertz and
sensitivities below kHz/

√
Hz (72).

4.2.2. Pulsed experiments. More sensitive approaches rely on pulsed experiments in a pump-
probe scheme with the laser turned off during the sensing period. The advantage of pulsed
experiments is that no optical repumping occurs during the sensing period, and very long coherent
evolution times τ can be achieved (up to milliseconds) (48, 49). Moreover, pulsed experiments
can take advantage of the many refined microwave sequences that have been developed over the
decades in the field of magnetic resonance (73).
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0.16 mT. (b) Pulsed detection of the spin precession (Ramsey fringes) in a pump-probe experiment. The frequency difference between
curves is 0.25 MHz, corresponding to a magnetic field difference of 9.0 µT. Oscillations are shown relative to a 2,753-MHz carrier
frequency. (c) Relaxometry measurement, showing T1 relaxation of a nitrogen-vacancy center in a 25-nm nanodiamond in the presence
and absence of paramagnetic GdCl3 salt. The black dots mark changes in intensity caused by tuning the microwave frequency to the
point of highest slope. The black arrows denote the increase and decrease in fluorescence intensity as the resonance shifts up and down
in frequency, respectively.

and recording changes in intensity. As the resonance shifts up or down in frequency, the fluores-
cence intensity is raised or lowered, respectively. The smallest detectable frequency shift (at unit
signal-to-noise ratio) is approximately given by

!ω ≈ a
2η

√
I0T

, (2)

where a is the line width (0.5 times the full width at half maximum) of the EPR transition, η ≈ 30%
is the optical contrast between mS = 0 and mS = ±1, I0 is the photon count rate, and T is the
integration time. For the example in Figure 5a, a ≈ 9.5 MHz, η ≈ 29%, and I0 ≈ 5 × 104 s−1,
yielding !ω ≈ 2π ×73 kHz for a 1-s integration time. The sensitivity can be drastically improved
by collecting photons from many NV centers simultaneously (ensemble magnetometry) at the
expense of losing the exquisite nanoscale resolution provided by single defects.

Frequency detection has been extended by several tricks, including real-time tracking (68),
multifrequency excitation (69), and the detection of multiple NV centers with different crystallo-
graphic orientations for vector field measurements (70, 71). Moreover, by using large ensembles
of NV centers in bigger crystals, investigators have achieved detection rates up to megahertz and
sensitivities below kHz/

√
Hz (72).

4.2.2. Pulsed experiments. More sensitive approaches rely on pulsed experiments in a pump-
probe scheme with the laser turned off during the sensing period. The advantage of pulsed
experiments is that no optical repumping occurs during the sensing period, and very long coherent
evolution times τ can be achieved (up to milliseconds) (48, 49). Moreover, pulsed experiments
can take advantage of the many refined microwave sequences that have been developed over the
decades in the field of magnetic resonance (73).
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Dynamic Decoupling

MW pulses: Qubit preparation and control 
 
 
Optical fluorescence: Qubit readout

Several issues to be addressed 

Decoherence of the quantum state

Rabi Oscillation 
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OBE´s
Solution: 

Rabi oscillation with damping 

Interaction with external noise (fields, spin bath) alterates the spin state 
Dynamical decoupling methods: periodical spin flipping to preserve coherence
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MW pulses: Qubit preparation and control 
Optical fluorescence: Qubit readout 
 
Path towards quantum computing

Several issues to be addressed 

Qubits entanglement
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c1(t) = sin
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First demonstration from Stuttgart  

Requires:  
Adjacent qubits (deterministic implantation, < 20 nm spacing) 
Control and interaction gate (MW pulses for e-e- interaction) 
Information swap on nuclear spin (longer coherence, but 15N) 
Remove centers electron for longer storage (electrical control) 
 
Efficient fabrication of close NV centers? 
How to scale up to many qubits?
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Figure 1 |NV pair characteristics. a, Schematics of the NV pair. The two NV centres have different orientations and a distance of d⇠= 25±2 nm. The
magnetic field is aligned with the axis of NV A. b, Level scheme of the combined system of two NV electron spins. Spin transitions with 1mS = ±1 can be
driven with microwaves (straight arrows). Transitions can be addressed individually because different magnetic field alignments result in different Zeeman
shifts. c, Optically detected electron spin resonance spectrum of the NV pair at a magnetic field of B= 32 G. Two spin transitions can be attributed to each
NV centre. Both show a 15N (I = 1/2) hyperfine structure indicating that they stem from implanted nitrogen. d, Coupling regimes of NV pairs as a function
of the limiting coherence time and their separation. The standard strong coupling limit vdip = 1/T (solid line) can be increased to 4vdip = 1/T (dashed) using
the enhanced coupling of double quantum coherences. The parameters of the pair used in this work are marked as a red diamond. Inset, optically resolved
lateral distance between the two NV centres obtained by microwave-assisted super-resolution microscopy. The measured lateral distance is 21.8± 1.7 nm
(see Supplementary Information). e, Double electron–electron resonance experiment on the dipolar coupled NV pair. The oscillation shown is a direct
measure of the coupling frequency vdip = 4.93±0.05 kHz.

times by exploiting the qutrit nature of the triplet spin in each NV
centre. Namely, the quantum phase of a superposition state with
1mS = ±2 evolves twice as fast in a given magnetic fields as the
1mS = ±1 superposition. Furthermore, a spinflip by 1mS = ±2
induces a twice as strong magnetic field change compared with the
case of1mS =±1. Hence, using1mS =±2 (double quantum tran-
sitions, DQ) on bothNVs yields vdip DQ =19.72±0.2 kHz. It is worth
mentioning that these double quantum coherences have half the
dephasing time of a single quantum transition under the influence
of Markovian magnetic field noise. To create high-fidelity entan-
glement, strong coupling has to apply (that is, vdip > 1/T , where T
is the relevant coherence time). The present moderate coupling is
masked by spectral diffusion of the two individual electron spins
(T ⇤

2A DQ = 27.8 ± 0.6 µs and T
⇤
2B DQ = 22.6 ± 2.3 µs); that is,

vdip < 1/T ⇤
2 . This limitation can be overcome by eliminating

low-frequency environmental noise components through further
refocusing steps in the entanglement process resulting in a new
lower limit for strong coupling vdip > 1/T2. The electron spin relax-
ation and coherence times of the two NVs are T1 = 1.12±0.26ms,
T2A DQ = 150 ± 18 µs and T2B DQ = 514 ± 50 µs. The measured
values for dipolar interaction and T2DQ allow a maximum distance
of 29.6 ± 1.4 nm between the two defects. The actual distance
obtained by involving microwave-assisted super-resolution mi-
croscopy yields 25 ± 2 nm. Note that the coupling did not
change over months, indicating the room-temperature stability
of the defect pair.

After optically initializing the system in |mSA,mSBi = |00i
a double quantum ⇡/2 rotation on both NVs leads to
1/2(|�1�1i � |1�1i � |�11i + |11i). Under the influence of

mutual dipolar coupling the system is evolving freely for
a time ⌧ resulting in a state-dependent phase acquisition
1/2(e�i' |�1�1i� |1�1i� |�11i+e�i' |11i), where ' = 2⇡vdip DQ
and ⌧ is the correlated phase due to dipolar interaction. After
a double quantum ⇡ rotation and a further free evolution
period ⌧ , a second phase is accumulated 1/2(e�i2' |�1�1i +
|1�1i + |�11i + e�i2' |11i). With a final double quantum ⇡/2
rotation the accumulated phase is mapped onto 1/2((e�i2' �
1)|�1�1i + (e�i2' + 1)|11i). For 2⌧ = 1/2vdip DQ = 25 µs this
is �+

DQ = (1/
p
2)(|�1�1i + |11i), a maximally entangled Bell

state (for details see Supplementary Information). Using local
operations this state can be transformed into a set of different
entangled states, for example two ⇡ pulses transform to �+

DQ to
�� = (1/

p
2)(|00i� i|11i). Figure 2b shows the state evolution on

application of the entanglement gate as a function of interaction
time ⌧ . The blue line is a simulation of the entangling gate using
Hamiltonian (1) with coherence times taken from experimental
data. For ⌧ = 12.5 µs the state has evolved to �+

DQ. As the evolution
into �+

DQ would not be visible in the fluorescence signal it was
transformed into�� using local gates.We have performed a density
matrix tomography of the final entangled state (for details see
Supplementary Information). The fidelity of the reconstructed
density matrix with respect to the target state �+

DQ is 0.67± 0.04,
which is below the simulated fidelity of 0.89. (Fidelity is defined as
the proximity of two states given by F = tr(⇢� ), where � is themea-
sured quantum state and ⇢ is the target state.) The main reason for
this discrepancy is due to errors resulting from the finite duration
of microwave pulses. In addition, we quantify the entanglement
according to ref. 23 by using the von Neumann relative entropy as

140 NATURE PHYSICS | VOL 9 | MARCH 2013 | www.nature.com/naturephysics
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Figure 1 |NV pair characteristics. a, Schematics of the NV pair. The two NV centres have different orientations and a distance of d⇠= 25±2 nm. The
magnetic field is aligned with the axis of NV A. b, Level scheme of the combined system of two NV electron spins. Spin transitions with 1mS = ±1 can be
driven with microwaves (straight arrows). Transitions can be addressed individually because different magnetic field alignments result in different Zeeman
shifts. c, Optically detected electron spin resonance spectrum of the NV pair at a magnetic field of B= 32 G. Two spin transitions can be attributed to each
NV centre. Both show a 15N (I = 1/2) hyperfine structure indicating that they stem from implanted nitrogen. d, Coupling regimes of NV pairs as a function
of the limiting coherence time and their separation. The standard strong coupling limit vdip = 1/T (solid line) can be increased to 4vdip = 1/T (dashed) using
the enhanced coupling of double quantum coherences. The parameters of the pair used in this work are marked as a red diamond. Inset, optically resolved
lateral distance between the two NV centres obtained by microwave-assisted super-resolution microscopy. The measured lateral distance is 21.8± 1.7 nm
(see Supplementary Information). e, Double electron–electron resonance experiment on the dipolar coupled NV pair. The oscillation shown is a direct
measure of the coupling frequency vdip = 4.93±0.05 kHz.

times by exploiting the qutrit nature of the triplet spin in each NV
centre. Namely, the quantum phase of a superposition state with
1mS = ±2 evolves twice as fast in a given magnetic fields as the
1mS = ±1 superposition. Furthermore, a spinflip by 1mS = ±2
induces a twice as strong magnetic field change compared with the
case of1mS =±1. Hence, using1mS =±2 (double quantum tran-
sitions, DQ) on bothNVs yields vdip DQ =19.72±0.2 kHz. It is worth
mentioning that these double quantum coherences have half the
dephasing time of a single quantum transition under the influence
of Markovian magnetic field noise. To create high-fidelity entan-
glement, strong coupling has to apply (that is, vdip > 1/T , where T
is the relevant coherence time). The present moderate coupling is
masked by spectral diffusion of the two individual electron spins
(T ⇤

2A DQ = 27.8 ± 0.6 µs and T
⇤
2B DQ = 22.6 ± 2.3 µs); that is,

vdip < 1/T ⇤
2 . This limitation can be overcome by eliminating

low-frequency environmental noise components through further
refocusing steps in the entanglement process resulting in a new
lower limit for strong coupling vdip > 1/T2. The electron spin relax-
ation and coherence times of the two NVs are T1 = 1.12±0.26ms,
T2A DQ = 150 ± 18 µs and T2B DQ = 514 ± 50 µs. The measured
values for dipolar interaction and T2DQ allow a maximum distance
of 29.6 ± 1.4 nm between the two defects. The actual distance
obtained by involving microwave-assisted super-resolution mi-
croscopy yields 25 ± 2 nm. Note that the coupling did not
change over months, indicating the room-temperature stability
of the defect pair.

After optically initializing the system in |mSA,mSBi = |00i
a double quantum ⇡/2 rotation on both NVs leads to
1/2(|�1�1i � |1�1i � |�11i + |11i). Under the influence of

mutual dipolar coupling the system is evolving freely for
a time ⌧ resulting in a state-dependent phase acquisition
1/2(e�i' |�1�1i� |1�1i� |�11i+e�i' |11i), where ' = 2⇡vdip DQ
and ⌧ is the correlated phase due to dipolar interaction. After
a double quantum ⇡ rotation and a further free evolution
period ⌧ , a second phase is accumulated 1/2(e�i2' |�1�1i +
|1�1i + |�11i + e�i2' |11i). With a final double quantum ⇡/2
rotation the accumulated phase is mapped onto 1/2((e�i2' �
1)|�1�1i + (e�i2' + 1)|11i). For 2⌧ = 1/2vdip DQ = 25 µs this
is �+

DQ = (1/
p
2)(|�1�1i + |11i), a maximally entangled Bell

state (for details see Supplementary Information). Using local
operations this state can be transformed into a set of different
entangled states, for example two ⇡ pulses transform to �+

DQ to
�� = (1/

p
2)(|00i� i|11i). Figure 2b shows the state evolution on

application of the entanglement gate as a function of interaction
time ⌧ . The blue line is a simulation of the entangling gate using
Hamiltonian (1) with coherence times taken from experimental
data. For ⌧ = 12.5 µs the state has evolved to �+

DQ. As the evolution
into �+

DQ would not be visible in the fluorescence signal it was
transformed into�� using local gates.We have performed a density
matrix tomography of the final entangled state (for details see
Supplementary Information). The fidelity of the reconstructed
density matrix with respect to the target state �+

DQ is 0.67± 0.04,
which is below the simulated fidelity of 0.89. (Fidelity is defined as
the proximity of two states given by F = tr(⇢� ), where � is themea-
sured quantum state and ⇢ is the target state.) The main reason for
this discrepancy is due to errors resulting from the finite duration
of microwave pulses. In addition, we quantify the entanglement
according to ref. 23 by using the von Neumann relative entropy as
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Figure 1 |NV pair characteristics. a, Schematics of the NV pair. The two NV centres have different orientations and a distance of d⇠= 25±2 nm. The
magnetic field is aligned with the axis of NV A. b, Level scheme of the combined system of two NV electron spins. Spin transitions with 1mS = ±1 can be
driven with microwaves (straight arrows). Transitions can be addressed individually because different magnetic field alignments result in different Zeeman
shifts. c, Optically detected electron spin resonance spectrum of the NV pair at a magnetic field of B= 32 G. Two spin transitions can be attributed to each
NV centre. Both show a 15N (I = 1/2) hyperfine structure indicating that they stem from implanted nitrogen. d, Coupling regimes of NV pairs as a function
of the limiting coherence time and their separation. The standard strong coupling limit vdip = 1/T (solid line) can be increased to 4vdip = 1/T (dashed) using
the enhanced coupling of double quantum coherences. The parameters of the pair used in this work are marked as a red diamond. Inset, optically resolved
lateral distance between the two NV centres obtained by microwave-assisted super-resolution microscopy. The measured lateral distance is 21.8± 1.7 nm
(see Supplementary Information). e, Double electron–electron resonance experiment on the dipolar coupled NV pair. The oscillation shown is a direct
measure of the coupling frequency vdip = 4.93±0.05 kHz.

times by exploiting the qutrit nature of the triplet spin in each NV
centre. Namely, the quantum phase of a superposition state with
1mS = ±2 evolves twice as fast in a given magnetic fields as the
1mS = ±1 superposition. Furthermore, a spinflip by 1mS = ±2
induces a twice as strong magnetic field change compared with the
case of1mS =±1. Hence, using1mS =±2 (double quantum tran-
sitions, DQ) on bothNVs yields vdip DQ =19.72±0.2 kHz. It is worth
mentioning that these double quantum coherences have half the
dephasing time of a single quantum transition under the influence
of Markovian magnetic field noise. To create high-fidelity entan-
glement, strong coupling has to apply (that is, vdip > 1/T , where T
is the relevant coherence time). The present moderate coupling is
masked by spectral diffusion of the two individual electron spins
(T ⇤

2A DQ = 27.8 ± 0.6 µs and T
⇤
2B DQ = 22.6 ± 2.3 µs); that is,

vdip < 1/T ⇤
2 . This limitation can be overcome by eliminating

low-frequency environmental noise components through further
refocusing steps in the entanglement process resulting in a new
lower limit for strong coupling vdip > 1/T2. The electron spin relax-
ation and coherence times of the two NVs are T1 = 1.12±0.26ms,
T2A DQ = 150 ± 18 µs and T2B DQ = 514 ± 50 µs. The measured
values for dipolar interaction and T2DQ allow a maximum distance
of 29.6 ± 1.4 nm between the two defects. The actual distance
obtained by involving microwave-assisted super-resolution mi-
croscopy yields 25 ± 2 nm. Note that the coupling did not
change over months, indicating the room-temperature stability
of the defect pair.

After optically initializing the system in |mSA,mSBi = |00i
a double quantum ⇡/2 rotation on both NVs leads to
1/2(|�1�1i � |1�1i � |�11i + |11i). Under the influence of

mutual dipolar coupling the system is evolving freely for
a time ⌧ resulting in a state-dependent phase acquisition
1/2(e�i' |�1�1i� |1�1i� |�11i+e�i' |11i), where ' = 2⇡vdip DQ
and ⌧ is the correlated phase due to dipolar interaction. After
a double quantum ⇡ rotation and a further free evolution
period ⌧ , a second phase is accumulated 1/2(e�i2' |�1�1i +
|1�1i + |�11i + e�i2' |11i). With a final double quantum ⇡/2
rotation the accumulated phase is mapped onto 1/2((e�i2' �
1)|�1�1i + (e�i2' + 1)|11i). For 2⌧ = 1/2vdip DQ = 25 µs this
is �+

DQ = (1/
p
2)(|�1�1i + |11i), a maximally entangled Bell

state (for details see Supplementary Information). Using local
operations this state can be transformed into a set of different
entangled states, for example two ⇡ pulses transform to �+

DQ to
�� = (1/

p
2)(|00i� i|11i). Figure 2b shows the state evolution on

application of the entanglement gate as a function of interaction
time ⌧ . The blue line is a simulation of the entangling gate using
Hamiltonian (1) with coherence times taken from experimental
data. For ⌧ = 12.5 µs the state has evolved to �+

DQ. As the evolution
into �+

DQ would not be visible in the fluorescence signal it was
transformed into�� using local gates.We have performed a density
matrix tomography of the final entangled state (for details see
Supplementary Information). The fidelity of the reconstructed
density matrix with respect to the target state �+

DQ is 0.67± 0.04,
which is below the simulated fidelity of 0.89. (Fidelity is defined as
the proximity of two states given by F = tr(⇢� ), where � is themea-
sured quantum state and ⇢ is the target state.) The main reason for
this discrepancy is due to errors resulting from the finite duration
of microwave pulses. In addition, we quantify the entanglement
according to ref. 23 by using the von Neumann relative entropy as
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Xe-center     - J. Lumin 107 (2004) 26 
NE8 Center - J. Appl. Phys. 107 (2010) 093512 
 
SnV center - ACS Phot. 4 (2017) 2580 
                    - PRL 119, 253601 (2017) 
PbV center -  ACS Phot. 5 (2018) 4864 
He-center   - J. Lumin 179 (2016) 59 
F-center 

GeV center  - Sci. Reports 5 (2015) 12882 
                     - Sci. Reports 5 (2015) 14789  
 
O-center      - J. Phys. D 51 (2018) 483002 
P-center 
Ca-center 
Mg-center 
F-center 

diamond: most studied material for single-photon generation 
color centers fabricated upon ion implantation - 2019 
Are there better alternatives to the NV center?

Color centers zoology in diamond
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3

What Wide Bandgap Material?
SiC GaNDiamond

N. Jungwirth et al., ACS Nano 10, 1210-1215 (2016)

H. Duong et al., ACS Appl. Mater. Interfaces 10, 24886-24891 (2018)

A. Stivastava et al., Nat. Nanotech. 10, 491-496 (2015)

Y. Zhou et al., Sci. Adv. 4, 3580 (2018)G. Wolfowicz et al., Nat. Comm. 8, 1876 (2018)

ZnO hBN
M. Atature et al., Nat. Rev. Mats. 3, 38-51 (2018)

WSe2
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Color centers in semiconductors

Color centers zoology in semiconductors

Electrical 
control

binary materials: difficult fabrication of specific defects 
intrinsic defects only 
handful of emitters overall 
very active research field

Are there better alternatives 
to the diamond NV center?

Telecom wavelengths!!!
Nature Electronics 3 (2020) 738

Silicon

4 K
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Color centers manufacturing in integrated platforms
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Random distribution of color centers 
following low-dose ion implantation 
(some are single-photon sources)

Ordered array of individual emitters

in practice, we need to fabricate sources deterministically. Each implanted ion ⇒ One single photon emitter 

Limiting factors:  
- delivery of predefined number of ions (Poisson statistics, unless ion detection technique implemented) 
- nanoscale ion implantation (enabling entanglement between adjacent centers) 
- conversion of implanted ions in color centers (typical: <10%. state of the art: >50 %) 
- center environment for charge state configurations (e.g., device doping)on a CVD diamond (sample A) patterned with a 60 × 60

array of 60 ( 10 nm diameter apertures (Figure 1b) at a 1
µm pitch (Figure 1c). This aperture diameter resulted in a
distribution of NV centers per aperture with a mean close
to one NV center per aperture for the 1012 cm-2 15N+ dose
applied to sample A. A photoluminescence image of the
patterned area shows the resultant spin array after implanta-
tion, annealing, and lithographic fabrication of a short-
terminated coplanar waveguide (CPW) (Figure 1d). White
contrast in the array comes from NV center photolumines-
cence; the individual white dots correspond to NV centers
positioned with the resist apertures, while formerly masked
regions of the sample showed no NV center emission.
Roughly one-third of the aperture sites produced single NV
centers, confirmed by photon antibunching measurements
(Figure 1e). Two single NV centers are circled in Figure 1d
for reference. Brighter dots contain more NV centerssthe
distribution in the number of NV centers per site originates
from the random incorporation of nitrogen atoms onto
substitutional lattice sites19 and the diffusion of vacancies
to these nitrogen atoms during annealing. The average

number of NV centers per aperture site was determined by
analyzing the minima of photon antibunching measure-
ments20 performed on 32 aperture sites. In cases where
photon antibunching measurements could not distinguish
between two or three NV centers in an aperture site, pho-
toluminescence intensity measurements were used to esti-
mate the number of NV centers. On average 1.4 ( 0.2 NV
centers formed per aperture, indicating that 5 ( 2% of the
implanted nitrogen ions were converted to NV centers based
on the areal nitrogen dosage and the resist aperture area.
The distribution of NV centers formed per aperture shows
reasonable agreement with a Poisson distribution (Figure 1f),
as expected from the low NV center creation efficiency.

The depth placement of implanted NV centers, com-
monly inferred from SRIM simulations, is primarily deter-
mined by the nitrogen implantation energy. Using SIMS we
have directly measured nitrogen depth distributions as a
function of implantation energy. This technique relies on
implanting 15N concentrations well above the 15N back-
ground of the CVD diamond substrates and well above the
SIMS detection sensitivity for 15N in diamond (3 × 1014

FIGURE 1. (a) SEM micrograph of an ∼30 nm diameter resist aperture used to mask nitrogen ion implantation to spatially control NV center
formation. (b) SEM micrograph of an ∼60 nm diameter resist aperture. After fabrication, the NV centers resulting from this aperture diameter
were analyzed in photoluminescence and ESR experiments. (c) SEM micrograph of an array of 60 nm diameter apertures. (d) Spatial
photoluminescence image of an array of NV centers resulting from resist masking, implantation, and annealing. The white dots in the image
result from NV center photoluminescence. A lithographic, short-terminated CPW is also visible. Two single NV centers used in further
measurements are circled. (e) Photon antibunching curve from the NV center circled in yellow in Figure 1d. g(2)(0) < 0.5, indicating it is a
single quantum emitter. The data are uncorrected for background luminescence and dark counts of the photon detectors. (f) A histogram of
resist aperture sites yielding zero, one, two, and three NV centers per aperture site (blue dots) determined by photon antibunching
measurements on 32 apertures sites. The results are compared with a Poisson distribution with mean 1.45 (red squares).

© 2010 American Chemical Society 3169 DOI: 10.1021/nl102066q | Nano Lett. 2010, 10, 3168-–3172

Nano Lett., 2010, 10 3168ACS Photonics 2017, 4, 2580

Integration in photonic chips by means of ion implantation
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Summary

NV center in diamond 
Promising, versatile tool for environment sensing 
Solid state, portable 
Nanoscale system 
Biocompatible 
High sensitivities for vector and scalar field measurements 
 
Challenges 
Increase coherence time 
Controlled fabrication schemes and protocols 
Alternative systems vastly unexplored 

Potential for industry 
Standardization 
Integration 
Best practices, optimal procedures
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Thank you for your kind attention!
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