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Abstract

Sections

Nitrogen vacancy (NV) centre quantum sensors provide unique
opportunities in studying condensed matter systems, as they are
quantitative, non-invasive, physically robust, offer nanoscale resolution
and may be used across a wide range of temperatures. These properties
have been exploited in recent years to obtain nanoscale resolution
measurements of static magnetic fields arising from spin order and
current flow in condensed matter systems. Compared with other
nanoscale magnetic-field sensors, NV centres have the advantage that
they can probe quantities that go beyond average magnetic fields.
Leveraging techniques from magnetic resonance, NV centres can
perform high-precision noise sensing and have given access to diverse
systems, such as fluctuating electrical currents in simple metals and
graphene, as well as magnetic dynamics in yttrium iron garnet. In this
Technical Review, we provide an overview of NV sensing platforms

and modalities and discuss the connections between specific NV
measurements and important physical characteristics in condensed
matter, such as correlation functions and order parameters, that are
inaccessible by other techniques. We conclude with our perspectives
onthenewinsights that may be opened up by NV sensing in condensed
matter.
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Technical review

Key points

¢ Nitrogen vacancy (NV) centres can probe static and dynamic fields
in a momentum-resolved and frequency-resolved way across a wide
range of temperatures, from cryogenic temperatures to 1,000K,
complementing existing nanoscale probes.

o Static fields can be quantitatively mapped with nanotesla sensitivity
and nanometre spatial resolution using NV centres, diagnosing
microscopic properties in magnetic materials, transport systems and
superconductors, as well as in diamond anvil cells under extreme
gigapascal pressures.

e NV centres can also be used to measure noise from dynamic systems
in a tunable way, providing access to the spectral density of noise from
DC to tens of gigahertz while using the NV-sample distance to probe
the relevant length scales of system dynamics.

e Recent progress has been made in coherent NV-based noise
measurements, in which measurements resolving transitions in the
shape of the NV coherence decay or simultaneous measurements

of many NV centres can provide new windows into dynamic systems.

Introduction

Much of what we know about condensed matter systems — their
structure, excitations and dynamics — is inferred from bulk trans-
port and spectroscopy. These techniques can be useful for inferring
fundamental properties such as how excitations disperse, prob-
ing momentum-resolved spectra from large samples and optically
probing low-momentum spectrafrom 2D samples. However, spatially
averaged probes suchas transport, neutron scattering or angle-resolved
photoemission spectroscopy can provide incomplete or misleading
data in non-uniform samples’, in which the sample is disordered
or has interactions that give it a local tendency to phase-separate?,
inducing the spontaneous formation of static or fluctuating domains>.
Thus, quantitatively understanding such phenomena requires
local, momentum-resolved probes. There are several established
nanoscale probes that are useful for local studies of samples. Notably,
scanning-tunnelling microscopy (STM) measures the local electronic
density of states* ", microwave impedance microscopy measures local
conductivity and permittivity” and scanning magnetometry techniques
such as scanning superconducting quantum interference device
(SQUID) microscopy®and magnetic force microscopy (MFM) measure
local magnetic fields’. Each probe carries advantages and tradeoffs. Tak-
ingtwo examples, scanning SQUID magnetometers offer extremely high
sensitivity (downtoafewnT Hz ), but must operate at low temperature
(typically below 10 K) and have worse sensitivity at higher spatial resolu-
tion; and STM offers extremely high (angstrom-scale) spatial resolution,
buttypically requires clean conducting surfaces and cannot report on
local magnetic fields and dynamics.

Over the past decade, nitrogen vacancy (NV) centres in diamond
have emerged as a new class of nanoscale sensors that complement
these technologies in their temperature range and in their ability to
probebothstaticand dynamic propertiesinamomentum-resolved and
frequency-resolved way'®"2. NV magnetometry offers a combination
of nanometre spatial resolution and nanotesla sensitivity in magnetic
imaging®, together with a wide operational range in temperature,

magnetic field or pressure. NV centres have been employed to measure
staticlocal fields from antiferromagnetic order**", multiferroic' order
and from currents in materials with electron hydrodynamics'”*® and
superconductivity?, as well as linear dynamics in contexts such as
magnon imaging”** and conductivity imaging®. Recently, NV centres
have beenused to probe out-of-equilibrium systems, such asamagnon
scattering platform? and electron-phonon instability in graphene®.
Inthese dynamicsystems, newly developed NV centre sensing methods
such as covariance magnetometry®® and gaining access to the noise
correlation time via coherence decay®*~* may provide insights that
are difficult to access with other sensing techniques.

An NV centre is a point defect in diamond consisting of a substi-
tutional nitrogen next to a vacancy in the lattice. Effectively, it works
as an optically addressable qubit that can sense its environment with
extremely high spatial resolution®>*. The spatial resolution is deter-
mined by the offset between the NV centre and the material of interest
(typically 5-100 nm), ultimately limited by the extent of the electronic
wavefunction (around 1 nm). Because the NV centre offers both local
resolution and the entire suite of qubit-manipulation techniques
developed in the context of nuclear magnetic resonance®, it enables
a host of new local sensing technologies. As an example of how ver-
satile these probes are, they can be used to measure static magnetic
fields through a shift of the qubit frequency®>*¢, to measure the noise
spectral density at the qubit transition frequency as the noise can
change the qubit’s 7, time**”*® and to measure dynamic structure
such as the spatiotemporal correlations of the noise in an underlying
sample, which can be detected in a coherent (7,-limited) measure-
ment of multiple NV centres®. Furthermore, beyond high-sensitivity
magnetometry, NV centres are also able to report on electric fields,
temperature and strain, useful, forinstance, in high-pressure diamond
anvil cell (DAC) experiments® *,

The momentum resolution of an NV centre comes from changing
its distance from the sample and requires the distance between the
NV centre and the sample to be measured™. Notably, the momentum-
resolved current noise that NV centres measure goes beyond what
one can measure using techniques such as neutron scattering. Probes
such as neutron scattering**, X-ray scattering® and electron energy
loss spectroscopy*® measure the momentum-dependent density
response, from which one can extract the behaviour of longitudinal
currents (those along the wavevector being probed) but not transverse
ones. The current noise that an NV centre detects can also be sensi-
tive to transverse current fluctuations and can, therefore, pick up the
response of the electron fluid to being sheared; the shear responseisa
key diagnostic of Wigner crystallization*, as well as anatural probe of
viscous hydrodynamic behaviour***°. Furthermore, although neutron
scattering averages over the bulk of the material, NV centres enable
real-space probing with nanoscale resolution, giving access to spatially
inhomogeneous momentum information.

This Technical Review outlines the physics of NV centres as it
relates to condensed-matter sensing experiments and illustrates a
few recent developments and proposals in this area. For an in-depth
review comparing NV magnetometry with other magnetic microscopy
techniques including X-ray and magneto-optical spectroscopy, the
readerisreferredtorefs.8,34,50. Here, we focus on the parametrization
of different NV centre sensing modalities in terms of physical quanti-
ties of interest for condensed matter physics and review the current
state of the art, including new sensing techniques and sophisticated
methods in image reconstruction, efficient sampling and sensitivity
enhancement. We conclude with a discussion of new opportunities
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in condensed matter sensing that are enabled by this unique probe
and toolkit.

Principles of NV centre sensing

The ground state electronic configuration of an NV centre has spin
S=1.Thegroundstatespin canbeinitialized and measured evenatroom
temperature, with spin coherence times up to a few milliseconds®®,
and at cryogenic temperatures with coherence times exceeding1s
(ref. 51). The long spin coherence time is enabled by weak spin-orbit
coupling, low electron-phonon coupling and a quiet spin environ-
mentin ultrapure diamond®. An NV centre can be used as asensor over
awide range of parameters, from cryogenic temperatures to nearly
1,000 K (refs. 53,54) and from vacuum to gigapascal pressures®**°,
largely because its electronic level structure allows for non-resonant
opticalinitialization and readout and becauseits structure indiamond
is exceptionally robust.

An NV centre measurement typically consists of three steps:
initialization by optical polarization into the | m;=0) spin state,
interaction with external fields using a tailored sensing modality and
optical detection through spin-dependent fluorescence (Fig. 1a).
There are three broad sensing modalities, covering characteristic
frequency ranges from DC to ~100 GHz (Box 1). First, optically
detected magnetic resonance (ODMR) spectroscopy of the
|ms=0)~>|m,==+1) transition frequency enables DC magnetic field
sensing. Second, coherent Ramsey-based protocols may incorporate
frequency-selective pulse sequences for AC sensing up to ~10 MHz
frequencies. Third, relaxometry measures fields fluctuating at the NV
transition frequency by monitoring the NV centre decay rate Tamong
the ground state spin levels. Relaxometry and ODMR have been dem-
onstrated up to ~200 GHz (ref. 55), inwhich the attainable frequency
is determined by the strength of the external magnetic field and the
availability of microwave (MW) hardware used to drive the NV centre
spintransitions.

Sensing platforms

Typically, NV centres are deployed in three broad categories of
platforms. The most common measurements are performed in
bulk diamond, using NV centres that are either sparse and optically
resolvable (Fig. 1b) or dense to produce large ensembles that enable
millimetre-scale imaging® (Fig. 1c). In recent years, diamond fabrica-
tion and processing have seen substantial advances, including high
collection efficiency scanning tips™® (Fig. 1d) and nanoscale structures
(Fig. 1e) such as ‘smart-cut’ nanoscale diamond membranes®*° that
canbe deposited onto target samples.

Each of these platforms has inherent benefits and tradeoffs.
Measurements in bulk diamond are the most convenient, in which
coherent NV centres can bereliably prepared afew nanometres below
the diamond surface®, but optical access and collection efficiency
can be problematic in the presence of a sensing target. Ensemble
measurements provide high sensitivity and surface coverage at the
cost of spatial resolution, but spin-spin interactions place an upper
bound onthe useful NV centre density; however, dynamical decoupling
protocols tailored to the spin environment can effectively suppress
these interactions®. Measurements using NV centres embedded into
an atomic force microscopy-style scanning tip provide nanometre
scanning resolution, but are slow as the tip must raster scan over a
sample, and the incorporated NV centres are typically stood off from
thesample by tens of nanometres. Finally, diamond nanostructures and
membranes can be incorporated directly onto pre-fabricated target

b Resolvable layer C Ensemble layer

500 x 500 nm?

v « High resolution v  High coverage
» Simultaneous readout e Fast imaging

o Low resolution
e Challenging MW homogeneity

* Low coverage
« Inconvenient optical access

d scanningtip € Nanostructure or membrane

10 x 10 nm?

S High resolution, coverage % « High collection efficiency
« High collection efficiency « No sample obstruction

* Slow
© Single point

e Low coverage
« Difficult to fabricate and handle

Fig.1|Nitrogen vacancy sensing platforms. a, A nitrogen vacancy (NV) centre
indiamond detects local fields from a target system with nanometre resolution.
Off-resonant excitation light is used to spin polarize the NV centre and
subsequently read out its state through spin-dependent fluorescence.

b-e, Different NV sensing platforms with their pros and cons. In all cases, defects
areincorporated in the diamond either during growth or using ion implantation
after growth. Bulk diamond substrates, either with resolvable NV centres (part b)
or dense ensembles of NV centres (part ¢), are most common and are readily
prepared. d, Scanning atomic force microscopy-style tips withembedded NV
centres provide nanometre-scale spatial resolution, which is much better than
micron-scale ensemble imaging resolution, although experiments are much
slower. e, Although diamond fabrication and subsequent micro-manipulation
are challenging, nanoscale diamond structures including nanodiamonds, beams,
pillars and membranes are versatile and can be placed directly on a target sample,
providing close target proximity, easy optical access and higher collection
efficiency.

samples in a way that provides high collection efficiency and close
NV-sample proximity; however, nanostructures canbe challenging to
reliably fabricate, manipulate and place precisely onthe target. Inmany
cases, asystem of interest may be measured using multiple modalities
to paint amore complete picture of its properties®.
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Box 1| Nitrogen vacancy centre sensing modalities

The typical nitrogen vacancy (NV) centre Hamiltonian has the form
P =AS. +BS, +(S, -8+ D(S,$, +8,8,), )

in which (for small applied fields) the separate contributions cause
shifting (A) and splitting (B, C, D) of the|m,= +1) states according to
the energy diagram in panel a of the figure, which describes the
approximate couplings to parallel and perpendicular magnetic fields
(B), electric fields (E), stress (o) and temperature (T); note that these
sensitivities may change depending on, for example, temperature
and field orientation®*?°*?", Continuous wave optically detected
magnetic resonance provides a simple and robust method for
spectroscopy of the Hamiltonian in equation (4), but is insensitive to
AC fields and has limited sensitivity to DC fields.

Pulsed Ramsey-type protocols (see the figure, panel b) employ
trains of pulses to modulate the NV centre in the time domain, making
the NV centre sensitive to a band of frequencies centred at the pulsing
rate. Pulsed methods are extremely versatile and are routinely used
for frequency-selective spectroscopy and to considerably improve
measurement sensitivity, including sensitivity to DC fields through
lock-in gradiometry’®. Incoherent relaxometry (see the figure, panel ¢),
although less versatile, provides access to high-frequency fields
inducing single-quantum (Jm,=+1) > [m,= 0)) and double-quantum
(Img=+£1) > Imy=F1) transitions of the NV centre, where this
distinction can be useful in diagnosing whether the relaxing fields are
electric or magnetic in nature”®. Beyond the simplified Hamiltonian in
equation (4), it is often advantageous to intentionally mix spin states
or probe dressed levels of a driven state”.

a Sensitivity

Ye=-2m-28 GHz T

B
Im, = +1) E k~20HzV'cm?
T a~70kHzK"
Dyt o o~5MHzGPa”
Ims=0) }
b Ramsey-like (T2) (] Relaxometry (T)
z |0) z |0)
y y

Proximity to the surface is crucial for spatial resolution, as an
NV centre at distance d from the surface is sensitive to stray fields
originating from aregion on the surface with spatial extent propor-
tional to d (Box 2). However, close NV-sample proximity, enabled
by very shallow ion implantation just a few nanometres from the
diamond surface and subsequent fabrication®*®, incurs decoher-
ence owing to surface noise and charge state instabilities owing to

Approximate frequency ranges and length scales accessible
through common NV centre sensing modalities are given in panel d of
the figure, in which the length scales refer to the NV-sample distance
(or the square root of areal sensing resolution for ensembles).

The approximate optimal sensitivities are shown in each region

and assume either the minimum detectable field using coherent T,
sensing (n,) or the minimum detectable mean square noise amplitude
in a 1Hz band using incoherent T, relaxometry (ns). Coherent (T,)
sensing is typically performed below 100 MHz, limited by the pulse
rate, and has a sensitivity limited by the NV centre T, time, which
degrades for shallow NV centres. Incoherent (T;) noise spectroscopy
has been demonstrated up to hundreds of gigahertz and has a
sensitivity limited by the NV centre T, time, which is longer than T,.
For both T, and T, magnetometry, the sensitivity can be improved at
the cost of resolution by using NV centre ensembles, as the sensitivity
improves with +/N for N NV centres; however, dense ensembles
typically incur other penalties, such as shorter coherence times,
owing to the high defect density. Selected NV centre experiments
are also indicated, in which achieved sensitivities vary. At DC,
comparisons are also made with nanowire MFM (nw-MFM) and
scanning superconducting quantum interference device (SS)
measurements®. The approximate length scale and timescale

of system excitations accessible to neutron scattering and optical
pump/probe experiments are also shown for context. Although
these descriptions provide a rough overview of the NV sensing
landscape, note that they are simplified, as they omit

sensing permutations such as shallow NV ensembles and T,

noise spectroscopy.
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surface electronic traps. Both coherence times and charge state
stability have been considerably improved through a better under-
standing of surface noise sources and treatment®-°*"%%, although
achieving bulk-like properties near the surface remains an open
challenge®. Improving sensitivity in a given experiment requires a
judicious choice of sample-NV distance versus coherence time, num-
ber of NV centres and the readout method (which can also feature
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tradeoffs, for instance, sacrificing speed for higher fidelity when
using spin-to-charge conversion)”®7*,

NV centre sensitivity

Although NV centres are most often used to detect magnetic fields
Bthrough the induced Zeeman splitting frequency w = D¢ + y.B,
in which the zero field splitting is D, = 21t x 2.87 GHz and the elec-
tron gyromagneticratiois y,=-2mx28.02 GHz T™, they may also be

used to detect electric fields, temperature and strain. Animportant
advantage offered by NV centres over nanoSQUIDs, MFM or STM is
the ability to engineer their sensitivity to the environment through
pulse sequences designed to select certain frequencies” or physical
observables®.

The sensitivity of an NV centre measurement may be boosted by
increasing the number of NV centres, extending the coherence time,
improving the readout fidelity (through techniques such as

Box 2 | Dynamical correlators from nitrogen vacancy noise spectroscopy

Nitrogen vacancy (NV) relaxation and decoherence times can be
explicitly related to the field noise at the NV centre and thus to the
physical autocorrelation functions of the noise source. To keep

the discussion here concrete, we focus on magnetic field noise

at the NV centre owing to classical magnetic or current noise in the
sample: Hy, = szséaz ~V,BoS, ~ v,B(t) - §, in which §; are spin-1
operators, B, is a static external field and we define wg = D, * V.Bo.
Here we have defined coordinate axes a, b, ¢ such that unit vector a
points along the NV quantization axis and unit vectors b, éare
perpendicular to it. For a relaxometry experiment measuring the total
decay rate T{1 out of m, =0 (which is three times faster than the
individual transition rates from O to +1 or -1alone)**®, Fermi’s golden
rule implies

T 2v2siwo), (@)= [ dteBOBOD, B.=B,xiB,, ()

in which the NV centre transition frequency w, determines the
detected frequency (usually a few gigahertz) and in which the factor
of 1/2 results from the transition matrix elements.

For dynamical-decoupling-based T, spectroscopy, it is instead
more natural to model the NV centre decoherence as a stretched
exponential C(t) = exp[—(t/T,)P] in which p is the stretching factor.
Then, under dynamical decoupling using N equally spaced pulses
with interpulse spacing T and total time T = Nt:

%, Shw)= [ dte™kB,0B,0), (©

2
o ¥E o
TP= e fo dwSh(w)

in which the detected noise frequency is set by the pulse rate T
(typically less than 100 MHz) through the pulse sequence filter
function Fy(wT) = 8sin* (wt/4)sin?(Nwt/2)cos X(wt/2). For large N,
this is sharply peaked at w =1/1, and it is common to approximate the
spectral density as Sg(rr/r) =-mln[C(T)]/T (refs. 61,83,218), in which
C(t) is the decoherence function defined earlier.

It remains to calculate the noise spectrum Sg(w) at the NV
centre from a given source, which will depend on the sample and
geometry. As an example, we consider relaxometry in the presence
of classical current noise in the sample?®. The sample is taken to lie
in the xy plane and the NV centre is displaced by d along the z-axis,

L, AC response
y oy(a,0)

NV lifetime
T

aligned along axis a (see the figure). The areal current J(r, t) at a
point rin the sample is a classical field that fluctuates slowly
enough that its effect on the NV centre can be treated as
instantaneous (this ‘quasistatic’ assumption always holds in
practice). In this case, the NV centre experiences a fluctuating
magnetic field that can be related to the current profile through
the Biot-Savart law:

Ho 2 I, t)x(2Zd-r)
B(0)=,> [ o’r o £ @
Thus, equations (5) and (7) relate the NV centre relaxation time
to the current autocorrelation tensor (J(x, t) J(0, 0)) and a spatial
smoothing factor from the distance dependence. Next, the
fluctuation-dissipation theorem (FDT) relates the current
autocorrelation function to the current response function, x;(q, @),
which will depend on the conductivity 0;(qg, ) (although the
relation (7) is not precisely g-resolved, the d-dependence of T,
imposes strong constraints on the g-dependence). For a 2D conductor
at high temperatures such that coth (hwy/2kgT) = 2ksT /(hwg), the
noise density is*
2
)
1 © -X 1 (8)
s @)= fo dx xe*Re[0"(x/2d, w)],

255" (w) = S§(w) =

in which 0'(g, w) is the g-dependent transverse conductivity, which
can be probed through the distance dependence of equation (8).
Finally, assuming the NV centre axis @ makes angle 6 with z, the
relaxation rate is then T; = %V38§(m0)(1 + 1Esinz(e)) (ref. 25).

A similar procedure may be followed for other noise sources, such
as magnetic fluctuations™*"*®??°, or other geometries. For instance,
diffusive transport in a conducting film of thickness a and conductivity
o =Re[o(wg)] = 0(0) produces noise according to equation (8) with
distance dependence ¢(d, w) = (d™" + (d+a)")o, which scales as d
or d?for thick and thin films, respectively®>*. For noise originating
from paramagnetic spins (such as nuclear spins), the distance

dependence is instead d® from a single spin®, d™ from a 2D layer'®
or d from a 3D half-space®”.
FDT Current noise
(J(x,01(0,0))
— Biot-
Savart

Fermi's golden rule Magnetic noise

(B(1)B|(0))
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Table 1| Demonstrated sensitivities of different nitrogen vacany centre sensing platforms, measured in bulk diamond

unless indicated otherwise

Deep NV centres Shallow NV centres Deep NV centre ensembles Shallow NV centre ensembles
DC magnetic ~ 72nTHz"*** (ref. 36) 300nT Hz 2 (st) (ref. 99) 24.6nT Hz "2 pm~3/2 (qdm)? (ref. 196); 176 nT Hz ™2 um™/2 (ref. 198);
15T Hz 2 pm™/2 (ref. 197) 1,440 nT Hz "2 pm=/2(dac) (ref. 39)
AC magnetic  43nT Hz "% (ref. 36) 50 nT Hz "2 (st) (ref. 79) 2.4nT Hz™"2 pm™>/% (ref. 87); 199,200
5.3nT Hz "2 pm™3/2 (ref. 197)
DC electric 891mV um™ Hz 2 (ref.191) 3,520 mV pm™ Hz ™2 (st) 2217 mV Hz "2 um—% (ref. 202) -
(ref. 201)
AC electric 20.2mV pm™ Hz 2 (ref. 191)  24-26 mV pm™ Hz /2 (st) M mV Hz "2 “mf%a (ref. 205) -
(refs. 203,204)
Stress - 0.6MPa Hz "2 (dac)® (ref.193)  0.06 MPa Hz "2 um™/? (qdm)® (ref. 206) 3.6 MPa Hz "2 pm™3/2 (dac) (ref. 39)
Temperature  5mK Hz 2% (ref. 192) 24 mK Hz 2 (ref. 207) 194 mK Hz "2 pm /2 (ref. 208) 4.8mK Hz "2 ym=3/2(ref. 209)

Platforms include scanning tip (st), diamond anvil cell (dac), quantum diamond microscope (qdm), nanostructure/membrane (nsm) and nanodiamond (nd). Other structures, such as
diamond-etched solid-immersion lenses, are not included here. Shallow nitrogen vacancy (NV) centres are within ~100 nm of the diamond surface. Volume-normalized sensitivities

are reported for NV centre ensembles to capture realistic imperfections that can be expected in ensemble-implanted samples. For detailed temperature-dependent NV properties, see

refs. 210-212. For detailed NV-density dependence, see refs. 213-215. For detailed depth dependence, see refs. 29,61,216. *Makes use of 2C isotopically enriched diamond. ®Derived using values

from separate measurements™'®°,

spin-to-charge conversion” and repetitive readout using nuclear spin
ancillae’®”®) and, crucially for nanoscale sensing, decreasing the dis-
tance to the target. Typically achievable sensitivities are -1 pT Hz ¥2at
DC” and 50 nT Hz V2 at AC"73”° (Table 1). The single-NV spin projec-
tion noise limit to the sensitivity depends onthe NV centre coherence
time T, (ref. 32), which is fundamentally limited at room temperature
by phonon-induced depolarization on the millisecond timescale and
which may be much longer at low temperatures®*°, Spatial resolution
down to -20 nm has been achieved using scanning tips®, whereas
implantation into unstructured substrates allows for NV centres as
closeas2-3 nmto the surface®>®, which approaches the fundamental
limit of -1 nm imposed by the size of the NV defect wavefunction®*.
Furthermore, subdiffraction imaging techniques allow the NV centre
tobelaterally located to within a few nanometres®*,

Although the NV centre spin coherence time and resonance fre-
quency naively imply approximately kilohertzlinewidth and megahertz
or gigahertz frequency ranges for Ramsey spectroscopy and relaxom-
etry, respectively, several protocols have been developed to surpass
these limits. For detecting coherent signals, the NV sensor may be
reinitialized and detected many times within the coherence time of the
signal, enabling sub-millihertzlinewidths®*. Tobroaden the accessible
frequencies, recent demonstrations have shown that dressed states
and frequency mixing may be used tofillin the frequency gap between
Ramsey and relaxometry protocols to access ~100 MHz frequencies,
provided that mixing fields with sufficiently high power and frequency
are available’®**, whereas auxiliary spins may be leveraged to access
different frequencies while boosting sensitivity®. Techniques have also
been developed to improve spatial resolution and imaging, by recon-
structing the source magnetization fromthe stray field maps measured
by the NV centre using machine-learning algorithms® (Fig. 2a).

Static fields

Akey feature of NV magnetometry is that it provides quantitative map-
ping of the stray magnetic fields, enabling, for instance, the precise
determination of the average areal magnetization of 2D materials.
Doing this allows for the validation of model Hamiltonians proposed
for systems under study or for assessing the quality and homogeneity

of well-understood compounds. Such quantitative magnetometry is
enabled by the fact that the NV centre gyromagneticratio y, isidentical
between NVs, which allows one to linearly map changes in magnetic
field to a frequency reference, without the need for any additional
calibration measurements. A direct, quantitative determination of
the physical properties of samples under investigation always needs
tobeinferred from the measured stray field maps. Indeed, careful data
analysis" or reverse propagation®°° (from the measurement plane to
the source) allows for such quantitative extraction of physical param-
etersof samples of interest and for the tracking of their evolution with
external quantities such as temperature or magnetic fields. Itisworth
noting that suchreverse propagationis an under-constrained problem
forwhich, ingeneral, no unique solution exists’>”. Thisisillustrated by
the example of the so-called flux closure states, which are spin textures
thatgenerate zero magnetic stray field, such asaring with tangentially
aligned spins. In many cases, however, reasonable assumptions can be
made to overcome this limitation, for example, if known anisotropies
existin magnetic systems”®, Helpful strategies to address theill-posed
nature of the inverse problem, and other issues, such as numerical
instabilities and issues related to boundary conditions, have been
discussed**?,

Quantitative determination of magnetization strength

The quantitative determination of magnetization strength of mag-
netic materials and its dependence on a range of parameters (such as
temperature) is one of the most fundamental characteristics of any
magnetic material. NV magnetometry allows for the precise, quantita-
tive determination of magnetization strengths down to the nanoscale.
Itis worth noting that NV magnetometry is only strictly quantitative
inthe regime of weak magnetic fields (<10 mT), where the first-order
response of the NV ODMR frequencies dominates the Zeeman shift
of the NV centre spin levels, and transverse magnetic fields only play
anegligiblerole.

SpecificexamplesinwhichNV magnetometry hasbeen puttouse
inthiscontextincludethedeterminationofmagnetizationstrengthsin
few layers of magnetically ordered van der Waals materials, down
to the monolayer®®®’ (Fig. 2a), and uncompensated magnetic
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moments in antiferromagnets that occur either in the bulk'°%!
oron the surface of magnetoelectric antiferromagnets'*'°2, More
conventional thin-film magnets have also been examined in this
regard'®, but are typically accessible via other experimental
approaches as well. A notable extension of such studies is the
determination of magnetization strengths in spin spirals of bulk
multiferroics'®*'®,

The relevance of these results relies on their quantitative char-
acter, which, together with the temperature or field dependence of
magnetization, provide key insight into the theoretical understand-
ing of these materials. Asafurther example, NV magnetometry might
be highly suited to validate recent theoretical predictions regarding
the nature and strength of surface magnetization in magnetoelectric
antiferromagnets'®.

a Probing static magnetic order
Input data

2 um
Forward
propagate and CNN
compare

Inferred source

2 pm

Magnetization distributions

Quantitative NV magnetometry further enables the disambiguation
between different types of domain walls in magnetic materials, such as
Bloch and Néel domain walls. The latter nomenclature describes how
the order parameter in amagnetic system evolves across domain walls
that separate two domains of homogeneous order parameter — for
Bloch (Néel) walls, the evolution is described by a rotation around a
vector that is orthogonal to (contained in) the domain wall. The iden-
tification of the nature of such domain walls is of crucial importance
to understanding and characterizing the type of exchange interac-
tions that contribute to stabilizing a given magnetic order'””, with the
Dzyaloshinskii-Moriya interaction being the most prominent exam-
ple. An experimental distinction between different types of domain
walls was measured using NV magnetometry, in a study in which

b Imaging the Meissner effect at high pressure
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Fig. 2| Imaging static fields with nitrogen vacany centres. a, The left panels
show a nitrogen vacany (NV) centre scanning experiment measuring magnetic
domainsinaflake of Crl,, revealing regions where the magnetization appears
ininteger multiples of the monolayer magnetization. To infer the source
magnetization from the measured stray field maps (right panels), conventional
linear inverse maps may be replaced by more robust convolutional neural
networks (CNNs), which require no prior training and which use physics-
informed forward propagation from the magnetisation map M’ to the magnetic
field map B at the measurement plane. b, Locally imaging the Meissner effect in
CeH,at high pressure. The sample is compressed in adiamond anvil cell with an
NV-containing layer in the upper diamond (top). Optically detected magnetic
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resonance measurements of the local magnetic field, taken along the linecut
showninthe NV fluorescence image (bottom right), reveal inhomogeneities in
diamagnetism at the micron scale (bottom left). ¢, Scanning NV magnetometry
ofthelocal electron flow profile through a constriction in graphene. The local
current profile (right, carrier density indicated above each panel) shows
characteristic Ohmic peaks at the charge neutrality point (CNP), which breaks
down at low temperature away from CNP, indicating the absence of momentum-
relaxing scattering as electron-electron scattering becomes more dominant.
Thebottom left part of panelais reprinted with permission from ref. 98. The right
part of panelais adapted with permission fromref. 95. Panel bis adapted with
permission from ref. 43. Panel cis adapted with permission from ref. 18.
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thin films of the same magnetic material were subjected to different
interfacial conditions™. Such analyses crucially depend on a proper
characterization of the NV orientation and offset distance, the latter
being the key parameter of concern. For reliable, quantitative conclu-
sions, such characterizations are to be conducted in situ, on the sample
under investigation, to avoid systematic errors and concurrent pitfalls
in data analysis.

Furthermore, the study of topologically protected magnetic tex-
tures, such as magnetic skyrmions'*® and their winding numbers, is
directly accessible and enabled by scanning NV magnetometry. Although
arange of experimental techniques — including Lorentz transmission
electron microscopy'”’ and quantitative MFM"° — have demonstrated
direct, real-space imaging of skyrmions, scanning NV magnetometry™ '
allows for quantitative imaging under ambient conditions and does not
pose strong requirements on sample geometry or thickness. For exam-
ple, skyrmion winding numbers onthe level ofindividual skyrmionsona
multilayer stack were determinedinasample under ambient conditions
using static stray field imaging through NV magnetometry?. A still
outstanding challenge is to extend such studies to single-crystalline,
skyrmion-hosting materials"®, in which pristine skyrmion behaviour,
including collective modes in skyrmion lattices'’, and possibly even
quantum dynamics of skyrmions"®, could be examined in the future.

Superconducting order

By locally probing the magnetic response of a superconductor, it is
possible to image superconducting order and various parameters
of the superconducting state. The magnetic (London) penetration
depth A, determines the length scale over which magnetic field lines
canenter asuperconductor before Meissner screening becomes effec-
tive. Quantitative determinations of A, together with its temperature
dependence and spatial anisotropy, provide valuable insights into
superfluid density and pairing mechanism of a superconductor™.
Specifically, A, determines the superfluid density — the number of
electrons that superconduct'?.

NV magnetometry has been employed to directly measure the pene-
tration depth, particularly in high-temperature superconductors'**1122,
This has, forinstance, beenachieved by imaging vorticesin typell super-
conductors, inwhich quantitative analysis of vortex stray fields yields the
Londonpenetrationdepth, or the Pearllength (for casesin which the film
thickness is small compared with A,)". Alternatively, A, has also been
determined by direct measurements of Meissner screening in super-
conductor microstructures™ and asuperconductingstrip onathin-film
magneticinsulator” or using wide-field NV magnetometry'. This latter
approachis notably applicable to type I superconductors as well.

Two particularly noteworthy, recent examples demonstrated the
new opportunities that NV magnetometry brings to the field of super-
conductivity. In the first study'>,an NV probe was used to scan a hybrid
system consisting of astrip of a superconductor placed on aferromag-
neticsubstrate, inwhich the diamagnetic response of the superconduc-
tor locally altered the propagation of spin waves in the ferromagnet. This
notonly opened new avenues in magnonics'* butalso demonstrated a
novel method to determine the temperature dependence of A,. In the
second example'?*, NV magnetometry was employed for currentimag-
ing of supercurrent flow across Josephsonjunctions, whichform central
buildingblocks for high-precision magnetometers and other quantum
devices. This study uncovered competing groundstatesin the Josephson
junctionandidentified anew mechanism for the Josephson diode effect,
both of which highlight the novel insights NV magnetometry offersinto
the study of superconductivity and superconducting devices.

Such studies of superconductor properties by quantitative
NV magnetometry have thus far been applied to reasonably
well-understood superconductors (such as yttrium barium copper
oxide), deepinthetypelllimit of superconductivity. Future worthwhile
extensions include the study of vortices in superconductors at the
crossover between type l and type Il superconductivity, where vortex
stray fields are still poorly understood and can only be described by
approximative or numerical models™ %, Such experiments might
offer the interesting perspective of simultaneously determining A, and
the superconductor coherence length £by direct magneticimaging.

NV centresincorporatedintoaDAC allow for local magnetic imag-
ing of materials under high, ~100 GPa, pressures®*2. High pressure
presents an important knob for tuning microscopic interactions and
hasled to the discovery of novel high temperature superconductors™.
Recent work* used an NV-infused DAC to image the spatial structure
of superconducting regionsin a hydride superconductor at the micro-
metre scale, revealing substantialinhomogeneities and informing the
materials synthesis of superhydrides (Fig. 2b). Although itis non-trivial
to maintain magnetic sensitivity of NV centres at these high pressures,
there are ongoing efforts to extend the pressure range higher*>*, a
frontier for spatially resolved magnetic imaging.

Inall such studies, care must be taken to minimize perturbations
of the superconducting state by NV microwave and laser excitation,
to maintain a non-invasive measurement. Although each sample and
material will show a different response to such perturbations, a careful
investigation of laser heating during NV magnetometry experiments
on thin-film yttrium barium copper oxide showed that appreciable
heating only became apparent at laser powers that exceed the typical
working conditions of scanning NV magnetometry by a factor of 10
(ref.19). More fragile superconductors will likely require more delicate

sensing protocols, such as pulsed sensing schemes'.

Currentimaging

Electrical currents produce magnetic fields according to the
Biot-Savart law that can be detected and imaged via NV centre
magnetometry. Spatial maps of current patterns in a device can dis-
tinguish different scattering mechanisms in amaterial, providing much
moreinformationthanastandard transport measurement thatyields
justone number —the spatially averaged conductivity. Forinstance, the
paththat electrons take in a device depends on the relative strengths
of momentum-conserving scattering (electron-electron scattering)
and momentum-relaxing scattering (electron-phonon or impurity
scattering).

Recently, NV magnetometry has been applied to quantitatively
probe different transport regimes in a few electronic materials''%,
in particular looking for spatial signatures of current flow in the rare
electronhydrodynamicregime,inwhich electron-electronscattering
dominates and electrons move akin to fluids. Several device geometries
that produce distinctive flow patterns in the hydrodynamic, ballistic
and Ohmicregimes have been proposed and experiments have begun
to reveal signatures of hydrodynamics. However, the critical influ-
ence of boundary conditions', the possibility of ballistic vortices
masquerading as viscous vortices and small angle scattering leading
to para-hydrodynamics' demand a more complete understanding.

Nevertheless, direct spatial mapping of the current flow pro-
vides much more direct evidence of hydrodynamic behaviour than
transport measurements and, importantly, provides a way to quan-
titatively probe the importance of electron-electron interactions
(Fig. 2¢). Hence, NV magnetometry measurements can be used for
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understanding other open questions in condensed matter, such as
the role of electron-electron interactions in the superconductivity
of graphene™*. Spatially resolved current imaging can also reveal
local current anomalies or irregularities (such as those stemming
from impurities), whose presence can greatly affect the interpre-
tation of a standard transport measurement, leading to incorrect
conclusions.

Dynamics

In equilibrium, the response of a material is related to its intrinsic
thermal or quantum fluctuations (or the noise it generates) by the
fluctuation-dissipation theorem™”: for example, the conductivity at
frequency wis related to the Fourier transform of the current autocor-
relation function, which can be measured using NV magnetometry.
Insystems that are driven out of equilibrium, fluctuations and response
contain distinct information about the state of the system: to charac-
terize the steady state, one needs separate access to both quantities.
For example, current noise in non-equilibrium states is sensitive to
properties such as the charge of individual carriers™®, to which equi-
librium transport does not give access. Most solid-state experimental
setups used to study noise”*"** are restricted to measuring current noise
inessentially 1D geometries. NV centres can overcome this restriction
and sense local current or magnetic-field fluctuations in 2D systems.
They can therefore be used to explore questions about non-equilibrium
noise that would not previously have been experimentally accessible.
In addition, even in equilibrium, NV centres are unique in having the
ability to probe local wavevector-dependent current noise.

Noise from a nearby material can affect the NV centre either by
depolarizing it and decreasingits 7, time or by dephasing it and affect-
ingits T, time. Accordingly, an NV centre can be used as a noise sensor
in one of the two basic modes, relaxometry (7;) and Ramsey (7,) spec-
troscopy. In what follows, we outline how an NV centre couples to
noise in the underlying sample, then review these two basic spectro-
scopic protocols, as well as recent extensions that involve measuring
correlations among multiple NV centres.

What an NV centre senses

Theresponse of an NV centre to asample with Hamiltonian H,,,. can
be complicated in the general case; for instance, the magnetic field B
that couples to the NV centre is (in general) operator-valued, so
[B, I:Isamp,e] # 0, resultinginanintractable Hamiltonian. To gain abetter
understanding of the properties of the system from the NV centre
response, we will make various approximations to arrive at a simpler
effective Hamiltonian.

The first, most natural simplification is to note that the field at
the NV centre is determined by the properties of a relatively large
patch (of diameter =10 nm) of the sample. In most condensed matter
contexts, there are many active degrees of freedom in a patch of this
size. Although each degree of freedom is quantum, the average of the
current or magnetic field over a patch of this size can be treated as a
classical stochastic variable. This allows us to describe the NV as a qubit
driven by a time-dependent classical field B, so

A~ A2 N
Hyy=DysS; — VeB(t) -S, )

inwhich S;are the spin-1operators. It suffices torelate the statistics of
B(t) to those of the dynamical fluctuations in the underlying sample
andto characterize the dynamics of the qubit for B(¢) drawn from such
anensemble.

A sample can generate a magnetic field at the NV centre either
because it has magnetic fluctuations or because it has fluctuating cur-
rents J(x, t) that induce a magnetic field at the NV centre in a way that
depends on the distance x to the NV centre. In either case, there is a
linear kernel relating the magnetic field at the NV centre to therelevant
fluctuating field in the sample. In general, this kernel can be non-local
intime, and this non-locality can have substantial effectsin 3D metals, in
which current fluctuations have to travel through the metal to reach
the NV. However, the situation is simpler in two dimensions, and one
cangenerally make a quasistaticapproximation so that the field at the
NV centreis linearly related to the current (or, with the obvious modi-
fications, the magnetization) in the sample near the NV centre, by an
expression of the form B;(t) = Zi’-zl / d3xK,-j(x, t)jj (x, t),inwhichiandj
are Cartesian coordinates. For quasistatic currents, the kernel K;; is
given by the Biot-Savart law (equation (7)), but more generally it will
be some convolution of the current (or magnetization) fluctuationsin
thesample overalengthscaled.

T, spectroscopy

One of the earliest applications of NV centres to studying transport
involved T, noise spectroscopy of Johnson noise from silver films¥.
One canrelate the T, time of the NV to the autocorrelation tensor
of the current in the sample, which in turn can be related (via the
fluctuation-dissipation theorem) to the momentum-dependent con-
ductivity (Box 2).Inthe interests of brevity, we have sketched the deriva-
tion of Box 2 inthe simplest case; however, the strategy outlined there
can be adapted to any form of current noise under the quasi-static
approximation (equation (7)). By varying the polarizing field and the
height of the NV centre from the sample (for example, by using an
ensemble of NV centres at different heights), one can tune gand w.
Inprinciple, by varying the orientation of the sample with respect to the
quantization axis, one can also extract angle-dependent information
about the correlations of current noise.

For diffusive transport in the local approximation, the same
formalism may be applied to directly measure conductivity, enabling
nanoscale conductivity imaging of inhomogeneous materials® (Fig. 3a).
Beyond linear response theory, recent work used spatially resolved
T, relaxometry in conjunction with global transport to study anom-
alous noise in graphene transport”. This noise was attributed to an
electron-phonon Cerenkov instability, as the rate of stimulated emis-
sion of phonons exceeded their absorption rate in pristine graphene
(Fig. 3b). The ability to spatially resolve the noise source using NV cen-
tres, revealing that the noise amplification followed charge carriers
rather than current, was a critical tool in diagnosing the effect.

Relaxometry has also been applied to the study of magnetic excita-
tions, for example, to study thermally excited magnons in permalloy
andyttriumirongarnet®®", inwhich the NV relaxation rate is accurately
described by models accounting for the number and spectral density
of magnons, aswell asthe interplay between the magnonk-vector and
NV-sampledistance. Beyond thermal magnons, related studies explored
ferromagnetic resonance in driven magnetic systems, describing the
mechanism behind broadband NV spin relaxation and demonstrating
coherent interactions between NV centres and spin waves™*°'**. More
recently, NV centres have enabled wavenumber-resolved magnon
measurements>**'*¢ (Fig. 3c), the development of a magnon scat-
tering platform based on real-space imaging of spin waves scattered
off atarget®, and the detection of spin waves generated by nonlinear
multimagnon scattering'’. NV centre relaxometry also enables local
measurements of magnetic phase transitions', as the increased spin
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Fig. 3| Sensing dynamics through relaxometry.

a, Nanoscale conductivity imaging, using nitrogen
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susceptibility near the critical point causes a peak in local magnetic
noise (Box 2). This technique has recently been used to spatially map
the distinct phase transitions of ferromagnetic and antiferromagnetic
phases that exist side-by-side in the moire superlattice formed by
twisted van der Waals Crl; (ref. 149), a demonstration of the combined
benefits of non-invasive nanoscale imaging and high-sensitivity noise
magnetometry for studying magnetic systems'®.

Theoretical studies suggest that T; spectroscopy can be used
to probe other phenomena in correlated electron systems, for
instance, to analyse Bogoliubov quasiparticles in low-dimensional
superconductors™*2, Such experiments can distinguish gapless and
fully gapped quasiparticles by measuring noise from current and spin
fluctuations as a function of temperature, enabling identification of
different symmetries of the order parameter (s-wave versus d-wave)'>*.
Another potential application of this techniqueisto probe 1D systems,
such as domain walls in antiferromagnetically ordered materials™?,
or edge statesin topological systems. These studies can elucidate the
mechanism of electron scattering, which is still poorly understood™*.
Finally, a promising application of NV relaxometry is to probe spin
liquid states, in which magnetic noise should provide signatures of
different types of spinon dynamics™>"*°,

T, spectroscopy

Although T, spectroscopy has the advantage of probing relatively high
frequencies (inthe gigahertzrange), it has limited bandwidth and also
provides relatively coarseinformation about the structure of the noise.
For probing awider range of low frequencies and for addressing more
detailed questions such asthe character, spectrum and non-Gaussianity

ofthenoise, T, spectroscopy offersamore versatile approach. The basic
ideabehind T, spectroscopy is to initialize the NV centre on the equa-
tor of the Bloch sphere and have it precessin the fluctuating field from
the sample. Unlike T; spectroscopy, this approach senses the field
along the quantization axis; for T, spectroscopy to be useful, the noise
at the transition frequency of the NV should be negligible to avoid
depolarization during the T, measurement.

Suppose that the NV centre is initialized in the spin state
[+)= T(|0) + [1)). We choose the quantization axis of the NV to be the
z-axis ofits Bloch sphere and define B, to be the component of thelocal
magnetic field along the quantization axis (the choice of basis on the
Bloch sphere is in general distinct from the real-space coordinate
system). After free evolution for atime ¢, the NV centre is in a state
[P0y = —(|O) +e7¢|1)), in which ¢, = -y, f dt’ B,(t'). One can inter-
rupt thls evolutlon with various pulse sequences borrowed from the
NMR literature®; in this case, the expression for the accumulated phase
generalizes to™’:

t

0=V, [, 4’ se)B(¢), @
inwhich s(¢’) is the filter function for a particular pulse sequence. For
example, in astandard spin-echo sequence, s(t’) = sign(t/2 - t’). At the
end of the sequence, one measures the NV centre in the x and y bases;
the results can be combined to reconstruct the expectation value (e,
Ifthe noise has zero mean, and the filter function satisfies ft dt’s(t’) =0,
one can use the cumulant expansion to write () = exp(- ((p 2/2+...),
inwhich... contains non-Gaussian corrections. Thisrelates the dephasmg
rate of the NV centre to the correlation function:
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Finally, the magneticfieldat the NV centre canbe related to the cur-
rentinthe sample through equation (7). Thefilter function s(¢) controls
therange of frequencies that contribute to decoherence: for example,
if s(¢) is a series of m pulses spaced by 7, noise below rr/T will be echoed
out and will not contribute to decoherence. Although pulse-defined
filter function bandwidths are limited by the NV centre driving rates
(typicallylessthan100 MHz), new antenna designs and pulse protocols
have extended the range for particular experiments$7¢°,

Unlike T; spectroscopy, which is primarily sensitive to the
power spectrum of the noise, T, spectroscopy allows one to detect
higher-order correlationsin the noise. An explicit non-Gaussian exam-
ple, for a qubit driven by telegraph noise, was worked out in ref. 161.
Exploring such non-Gaussian effects in many-body systems (such as
near-phase transitions) and their signatures in NV magnetometry
remains animportant task for future research.

Most applications of T, spectroscopy to date have been in the
Gaussian approximation and make use of a periodic pulse sequence to
approximately select a single frequency at a time (assuming that the
pulse sequence filter function is non-zero only at a single frequency
f, see equation (6)). This approach has found use in studying envi-
ronmental noise spectra to diagnose NV centre dephasing sources,
especially near surfaces, where dimensional analysis allows the shape

b critical dynamics

a Extracting correlation times

Radius of volume sensed (nm) 108

102

ofthe coherence decay to report on the nature of the noise bath*2%¢!,
Dynamical decoupling can also be used to selectively couple NV centres
tonuclear spins by matching the pulse rate to amultiple of the nuclear
Larmor frequency; although most examples of nuclear spin sensing
have targeted biological applications®”'*?, an example in condensed
matter includes the measurement of nuclear quadrupole resonance
in hexagonal boron nitride'®. Other recent applications of T, meas-
urements of electronic systems include the observation of increased
NV centre coherence times in proximity to a superconductor* and
local superconductor imaging through transverse spin relaxometry
leveraging this effect'®*.

Beyond the Gaussian approximation, the shape of the coherence
decay canreveal dynamical transitions that provide information about
the correlation time of the noise?**°, which may be deployed to study
dynamicsin condensed matter systems (Fig.4a). Such noise spectros-
copy can provide insightsinto phase transitions by measuring the qubit
relaxationrate as the system s tuned near its critical point'®. The scal-
ing of the NV centre dephasing (tptz) with measurement time and, in
particular, its dependence on temperature 7 relative to the critical
temperature T.and onthe NV-sample distance d relative to the correla-
tion length £ can report on the critical exponents of the transition as
the system is tuned near criticality (Fig. 4b). In a recent study of mag-
netic fluctuations in trilayer CrSBr (ref. 166), the critical exponent of
the fluctuation correlation length was extracted from the NV centre T,
decay rate using this method and was shown to differ from the Ising
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Fig.4 | Ramsey-based noise spectroscopy. a, The exponential stretching
factor p, derived from the nitrogen vacancy (NV) centre coherence decay

C(t) =exp[-(t/T,)"1through the slope of the straight lines, undergoes a
transition at a depth-dependent critical time determined by the correlation time
ofthe noise, from p =2 (Gaussian) decay to p=2/3, consistent with a reconfiguring
2D noise bath. b, Near a phase transition, the dephasing time 7 (upper panel)

and decoherence dynamics similar to those shown in panel a (lower panel) can
characterize the transition (for example, diagnose the critical temperature T.and
the presence of order parameter conservation) through their dependence on the
system temperature relative to 7.and on the NV-sample distance drelative to
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the correlation length £ (ref. 165). ¢, The schematic shows that two NV centres
experience fluctuating magnetic fields that are correlated (as from correlated
excitations in a target condensed matter system) or uncorrelated (as from local
fluctuating nuclear spins) between the locations of the two NV centres. Although
two NV centres1and 2 may be used as individual spectrometers of their local
noise spectra (right, top), covariance spectroscopy reveals which noise sources
are correlated and which are uncorrelated between the two NV centres (right,
bottom). Panel ais adapted with permission from ref. 29. Panel bis adapted with
permission from ref. 165. The right part of panel cis adapted with permission
fromref.28.
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prediction. The ability to detect this discrepancy, attributed to the
influence of long-range dipolar interactions, shows the usefulness of
coherent noise magnetometry for measuring magnetic dynamics in
atomically thin systems.

Covariance sensing

The spectroscopic methods described earlier are spatially resolved
inthe sense thatan NV centre at distance d from the sample will sense
noise that is averaged over a length scale d. However, there are both
technical and fundamental limitations to how much spatialinformation
one can extract. At the technical level, moving the NV centre far from
the sample makes it couple more weakly, limiting the scope for sensing
long-range correlations. More fundamentally, extracting two-point
temporal correlation functions from equations (2) is only possible if
one assumes the noise to be stationary in time; this assumption fails
in many non-equilibrium settings. A recently developed technique
circumvents these limitations by using multiple NV centres to directly
measure correlation functions (Fig. 4c).

The simplest version of the covariance sensing protocol proceeds
as follows. Two NV centres are initialized, at positions x; and x,, and
times t;and t,, along the equator of the Bloch sphere. They precess in
aspatiotemporally correlated magnetic field B(x, t) from the underly-
ing sample. Finally, the phase is mapped to population and both NV
centres are measured along the z-axis. The classical correlation
between these measurement outcomes is related to the correla-
tion between the phase picked up by the two NV centres, which canbe
reduced (as before) to the noise correlationsin the sample. In practice,
because of the limited detection efficiency for each measurement,
the number of measurements required for a precise estimate of the
correlation function is quite large, although it has been mitigated
using higher fidelity readout schemes such as spin-to-charge
conversion’., In a proof-of-principle experiment, it was shown that a
noise sensitivity of ~100nT>Hz 2 could be achieved using this
approach”, improvable with readout methods optimally tailored to
detect multiple NV centres. Related recent experiments have used
resonant optical readout of NV centres at low temperature to detect
correlated electric field dynamics induced by local trapped charges
inthe diamond'*"'%,

Non-local covariance measurements may reveal details about the
intrinsic length scale and timescale of dynamics detected through fluc-
tuating electromagnetic fields, which are characterized by non-local
two-point field correlators"""*?, complementing tools such as neutron
scattering which averages over the bulk of the material, and scan-
ning probes which are fundamentally local. The development of
high-sensitivity covariance sensing across many NV centres simul-
taneously, as well as scanning experiments enabling high-resolution
distance scanning, could enable progress studying rich noise dynam-
ics found in hydrodynamic electron flow*®*’, spin liquids'® and other
phenomena in which structure factors would otherwise be obscured
by locally uniform noise.

Outlook

NV magnetometry can shed light on the microscopic origin of
magnetically ordered condensed matter systems, which exhibit only
weak, uncompensated moments. A prime example is antiferromagnetic
order, which is typically considered unsuitable for direct magnetic
imaging. There, NV magnetometry has already found applications, for
example, in magnetoelectrics*'°>”*""! in which uncompensated sur-
face moments collinear with the bulk Néel vector of antiferromagnets

intrinsically occur”?and are measurable by NV magnetometry. A ques-

tion of high relevance is how generally applicable NV magnetometry
is to the study of antiferromagnetism. Indeed, the occurrence of
weak, uncompensated moments appears ubiquitous in antiferro-
magnets. Mechanisms such as spin canting (owing to chiral spin-spin
interactions'”’) or spatially inhomogeneous Néel vector spin textures'*
have been predicted tolead to suchmoments and thereby tonon-zero
stray magnetic fields that may be detectable by NV magnetometry.
Such mechanismwould enable generic approaches, such asnanoscale
domain imaging in antiferromagnets using static magnetic imaging,
an exciting avenue that remains to be explored in the future.

Further avenues for study using DC NV magnetometry in con-
densed matter physicsinclude the nature and existence of time-reversal
symmetry breaking, for example, in quasi-2D Kagome materials'”
or in unconventional superconductors such as Sr,RuQ, (ref. 176).
Observations of time-reversal symmetry breaking in this presumably
non-magnetic compound could be explained by long-theorized, yet
elusive, flux phases'’; local, quantitative and sensitive experimen-
tal probes are necessary to validate the theories. For instance, the
recent experimental demonstrations of orbital magnetism in Moiré
systems'’® imply many potential applications, but very little is known
about the underlying origin of this unusual magnetism andits relations
to topology and electron correlations.

Beyond imaging magnetic structure, two natural settings in
which NV centres can provide fundamentally new information about
condensed matter systems are systems that are strongly spatially
inhomogeneous on nanometre length scales and systems driven out
of equilibrium. The former class includes a wide variety of strongly
correlated 2D systems, from disordered superconducting films'” to
cuprates’® and Moiré materials'', as well as phenomena such as 2D
metal-to-insulator transitions'®*'®, In all of these systems, there is sub-
stantial evidence for spatialinhomogeneity, mostly from STM experi-
ments. NV centres offer acomplementary probe: instead of measuring
thelocal density of states (as STM does), it measures the local magnetic
field at the surface, allowing one to probe finite-frequency fluctuations
withvery high spatial resolution. The insights from NV sensing have the
potential to shed light on many longstanding puzzlesinvolving therole
of spatialinhomogeneity or rare-region effects on quantum phases and
phase transitions in two dimensions'*'¥,

For systems driven out of equilibrium, NV sensing (especially T,
sensing, covariance magnetometry and related approaches) canshed
new light on many-body physics that involves phase transitions and
collective phenomena. Non-equilibrium driving, either transiently
(for example, through a sudden current pulse) or in the presence of a
steady-state currentdrive, isknown to change the critical properties at
quantum phase transitions'®*'*’ and also to give rise to phenomenasuch
aslight-induced superconductivity”’. In these non-equilibriumstates,
current noise inherently carriesinformation thatis distinct fromtrans-
port; in certain models, one can explicitly show that non-equilibrium
noise allows one to distinguish between physical mechanisms that
have very similar transport signatures. By shedding light on these
mechanisms, nanoscale noise sensing has the potential to discrimi-
nate between the many proposed physical mechanisms for uncon-
ventional collective behaviour in correlated systems. Improving NV
centre coherence times and spatial resolution towards their respective
fundamental limits of milliseconds and nanometres, especially for
shallow NV centres, will be enabling for nanoscale noise spectros-
copy as well as for high-resolution imaging of the weak stray fields
described earlier.
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detection of electric fields"’, temperature
already proven useful, forinstance, in measurements using DACs

Finally, beyond magnetometry, NV centres are useful for the

192 and strain'®, which has
39,40 as

described earlier. Looking forward, this multifaceted utility of NV cen-
tresin diamond can provide unique advantages in sensing condensed
matter systems, for instance, in correlating heat transport and elec-
tronic transport for studying deviations from the Wiedemann-Franz
law"*in low-dimensional systems'®.
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