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What is quantum sensing?

Quantum sensing = utilizing of a quantum mechanical (QM) system as a
sensor for physical quantities

Quantum sensors capitalize on extreme sensitivity of quantum systems to
their environment
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Properties of a quantum sensor

1. QM system with discrete energy levels
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Properties of a quantum sensor

2. Ability to initialize and “read out” quantum state

3. Ability to manipulate quantum state: ∣ψ⟩ = α∣0⟩ + β∣1⟩, α, β ∈ C
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Properties of a quantum sensor

4. QM sensor should interact with the system of interest.
Ex: charged ions couple to E -fields, spins couple to B-fields, etc...
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III. EXAMPLES OF QUANTUM SENSORS

We now give an overview of the most important exper-
imental implementations of quantum sensors, following the
summary in Table I.

A. Neutral atoms as magnetic field sensors

Alkali atoms are suitable sensing qubits fulfilling the
definitions in Sec. II (Kitching, Knappe, and Donley,
2011). Their ground state spin, a coupled angular momentum
of electron and nuclear spin, can be both prepared and read
out optically by the strong spin-selective optical dipole

transition linking their s-wave electronic ground state to the
first (p-wave) excited state.

1. Atomic vapors

In the simplest implementation, a thermal vapor of atoms
serves as a quantum sensor for magnetic fields (Kominis et al.,
2003; Budker and Romalis, 2007). Held in a cell at or above
room temperature, atoms are spin polarized by an optical
pump beam. Magnetic field sensing is based on the Zeeman
effect due to a small external field orthogonal to the initial
atomic polarization. In a classical picture, this field induces
coherent precession of the spin. Equivalently, in a quantum

TABLE I. Experimental implementations of quantum sensors.

Implementation Qubit(s) Measured quantity(ies) Typical frequency Initalization Readout Typea

Neutral atoms
Atomic vapor Atomic spin Magnetic field, rotation,

time/frequency
dc-GHz Optical Optical II, III

Cold clouds Atomic spin Magnetic field,
acceleration,
time/frequency

dc-GHz Optical Optical II, III

Trapped ion(s)
Long-lived Time/frequency THz Optical Optical II, III

electronic state Rotation Optical Optical II
Vibrational mode Electric field, force MHz Optical Optical II

Rydberg atoms
Rydberg states Electric field dc, GHz Optical Optical II, III

Solid-state spins (ensembles)
NMR sensors Nuclear spins Magnetic field dc Thermal Pick-up coil II
NVb center

ensembles
Electron spins Magnetic field,

electric field,
temperature,

pressure, rotation

dc-GHz Optical Optical II

Solid-state spins (single spins)
P donor in Si Electron spin Magnetic field dc-GHz Thermal Electrical II
Semiconductor

quantum dots
Electron spin Magnetic field,

electric field
dc-GHz Electrical,

optical
Electrical, optical I, II

Single NVb center Electron spin Magnetic field,
electric field,
temperature,

pressure, rotation

dc-GHz Optical Optical II

Superconducting circuits
SQUIDc Supercurrent Magnetic field dc-GHz Thermal Electrical I, II
Flux qubit Circulating currents Magnetic field dc-GHz Thermal Electrical II
Charge qubit Charge eigenstates Electric field dc-GHz Thermal Electrical II

Elementary particles
Muon Muonic spin Magnetic field dc Radioactive

decay
Radioactive

decay
II

Neutron Nuclear spin Magnetic field,
phonon density,

gravity

dc Bragg scattering Bragg scattering II

Other sensors
SETd Charge eigenstates Electric field dc-MHz Thermal Electrical I
Optomechanics Phonons Force, acceleration,

mass, magnetic
field, voltage

kHz–GHz Thermal Optical I

Interferometer Photons, (atoms,
molecules)

Displacement,
refractive index

! ! ! II, III

aSensor type refers to the three definitions of quantum sensing in Sec. II.A.
bNV: nitrogen vacancy.
cSQUID: superconducting quantum interference device.
dSET: single electron transistor.
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Case study: particular quantum sensor and specific sensing application

QUANTUM ELECTRONICS

Probing Johnson noise and ballistic
transport in normal metals with a
single-spin qubit
S. Kolkowitz,1* A. Safira,1* A. A. High,1,2 R. C. Devlin,2 S. Choi,1 Q. P. Unterreithmeier,1

D. Patterson,1 A. S. Zibrov,1 V. E. Manucharyan,3 H. Park,1,2† M. D. Lukin1†

Thermally induced electrical currents, known as Johnson noise, cause fluctuating electric and
magnetic fields in proximity to a conductor. These fluctuations are intrinsically related to the
conductivity of the metal.We use single-spin qubits associated with nitrogen-vacancy centers in
diamond to probe Johnson noise in the vicinity of conductive silver films. Measurements of
polycrystalline silver films over a range of distances (20 to 200 nanometers) and temperatures
(10 to 300 kelvin) are consistent with the classically expected behavior of the magnetic
fluctuations. However, we find that Johnson noise is markedly suppressed next to single-crystal
films, indicativeofa substantial deviation fromOhm’s lawat lengthscalesbelow theelectronmean
free path.Our results are consistentwith ageneralizedmodel that accounts for theballisticmotion
of electrons in themetal, indicating that under the appropriate conditions, nearby electrodesmay
be used for controlling nanoscale optoelectronic, atomic, and solid-state quantum systems.

U
nderstanding electron transport, dissipa-
tion, and fluctuations at submicrometer
length scales is critical for the continued
miniaturization of electronic (1, 2) and op-
tical devices (3–5), as well as atom and ion

traps (6–10), and for the electrical control of
solid-state quantum circuits (11). Although it is
well known that electronic transport in small
samples defies the conventional wisdom asso-
ciated with macroscopic devices, resistance-free
transport is difficult to observe directly. Most of the
measurements demonstrating these effects make
use of ohmic contacts attached to submicrometer-
scale samples and observe quantized but finite
resistance corresponding to the voltage drop at
the contact of such a system with a macroscopic
conductor (12, 13). Techniques for noninvasive
probing of electron transport are being actively
explored (14, 15), because they can provide in-
sights into electronic dynamics at small length
scales. Our approach makes use of the electro-
magnetic fluctuations associated with Johnson
noise close to a conducting surface, which can
be directly linked to the dielectric function at
similar length scales, providing a noninvasive
probe of electronic transport inside the metal.
Measurements of these fluctuations at microme-
ter length scales with cold, trapped atoms showed
excellent agreement with predictions based on dif-
fusive electron motion (7–9), whereas millimeter–
length scale measurements with superconducting
quantum interference devices (SQUIDs) have been
demonstrated for use as an accurate, contact-free
thermometer (16).

Our approach makes use of the electronic
spin associated with nitrogen-vacancy (NV) de-
fect centers in diamond to study the spectral,

spatial, and temperature dependence of Johnson
noise emanating from conductors. The magnetic
Johnson noise results in a reduction of the spin
lifetime of individual NV electronic spins, thereby
allowing us to probe the intrinsic properties of
the conductor noninvasively over a wide range
of parameters. Individual, optically resolvable
NV centers are implanted ∼15 nm below the
surface of a ∼30-mm-thick diamond sample. A
silver film is then deposited or positioned on
the diamond surface (Fig. 1A). The spin sub-
levels jms ¼ 0〉 and jms ¼ T1〉 of the NV electronic
ground state exhibit a zero-field splitting of
D ¼ 2p" 2:88 GHz (17–20). The relaxation rates
between the jms ¼ 0〉 and jms ¼ T1〉 states pro-
vide a sensitive probe of the magnetic field noise
at the transition frequencies wT ¼ D T 2gmBBjj,
where Bjj is the magnetic field along the NV
axis, g ≈ 2 is the electron g-factor, and mB is the
Bohr magneton (21, 22) (Fig. 1B).
The impact of Johnson noise emanating from

a polycrystalline silver film deposited on the
diamond surface (Fig. 1C) is evident when com-
paring the relaxation of a single NV spin below
the silver (red circles) to the relaxation of the
same NV before film deposition and after re-
moval of the silver (open blue squares and tri-
angles, respectively). At room temperature and
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3Department of Physics, University of Maryland, College
Park, MD 20742, USA.
*These authors contributed equally to this work. †Corresponding
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Fig. 1. Probing Johnson noise with single-spin qubits. (A) The thermally induced motion of electrons
in silver generates fluctuating magnetic fields (B

→
), which are detected with the spin of a single NV.The NV

is polarized and read out through the back side of the diamond. (B) The NV spin is polarized into the
jms ¼ 0〉 state using a green laser pulse. Spin relaxation into the jms ¼ T1〉 states is induced by magnetic
field noise at ∼2.88 GHz. After wait time t, the population left in jms ¼ 0〉 is read out by spin-dependent
fluorescence. All measurements shown were performed at low magnetic fields (D ≫ gmBBjj=ℏ). (C) Spin
relaxation data for the same single shallow-implant NV before silver deposition (open blue squares), with
silver deposited (red circles) and after the silver has been removed (open blue triangles). (D) Spin
relaxation for a single NV close to a silver film prepared in the jms ¼ 0〉 state (red circles) and in the
jms ¼ −1〉 state (open orange circles). (Inset) Spin relaxation for a single native NV in bulk diamond in the
jms ¼ 0〉 state (blue circles) and in the jms ¼ −1〉 state (open light blue circles).
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Signal = magnetic noise (random fluctuations of magnetic field)

System = slab of silver (“normal metal”)
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Nitrogen-vacancy (NV) centers

NV center: point defect in
diamond

substitutional nitrogen +
nearest neighbor vacancy

NV− has three low-energy
states (spin S = 1):

NV center↔ single qubit nanoscale magnetometer
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NV operation

Shine green, record red
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NV measuring schemes
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electron-transport phenomena in condensed matter 
systems. We begin by briefly summarizing key NV 
properties and measurement techniques but refer the 
reader to existing reviews for more details24–29. This 
Review focuses on the material properties that can be 
extracted from the nanoscale magnetic fields accessi-
ble with NV magnetometry. The theoretical formalism 

for doing so is presented in BOX 1 (for static fields) and 
BOX 2 (for dynamic fields). The text is structured accord-
ing to four NV magnetometry application areas (FIG. 1a).  
We first describe NV magnetometry studies of static 
magnetic textures, highlighting recent experiments that 
focused on determining the nature of non-collinear 
ferro magnetic spin textures. In the following section, 

Figure 1 | Probing condensed matter physics using NV magnetometry. a|||The S = 1 electron spin of the 
nitrogen-vacancy (NV) defect in diamond is a point-like magnetic field sensor that can be optically initialized and read 
out through its spin-dependent photoluminescence. As shown in the energy level structure, the spin is pumped into 
the |0〉 state by off-resonance optical excitation, the |±1〉 excited states can decay non-radiatively through metastable 
singlet states, and the ground-state spin can be manipulated by microwave excitation. The spin state can be detected 
through the emitted fluorescence, which is higher for the |0〉 state than for the |±1〉 states. In the context of probing 
condensed matter systems, NV magnetometry has been used to study static magnetic textures such as domain walls 
and skyrmions, magnetic excitations such as spin waves in ferromagnets, and static current distributions such as 
superconducting vortices and electrical noise currents in metals. b|||The energ[ levels oH the 08 spin undergo a <eeman 
splitting as a function of a magnetic field applied along the NV axis. c | NV centres can be brought within a few 
nanometres of the sample using different approaches. Three examples are shown: the sample can be fabricated directly 
on diamond89, a diamond nanostructure can be positioned on the sample100 or an NV centre can be used in a 
scanning-probe configuration21,58. ms, spin quantum number; ω±, electron spin resonance frequencies. Panel a is 
reproduced with permission from REFS 139,140, Macmillan Publishers Limited and Institute of Physics, respectively. 
Superconducting vortices image courtesy of www.superconductivity.eu.
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Applying fields (varying ∆E ), varying temperature T , NV distance d , etc.
yields information about sample of interest.

Casola, van der Sar, and Yacoby, Probing condensed matter physics with
magnetometry based on NV centers in diamond (2018)
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QUANTUM ELECTRONICS

Probing Johnson noise and ballistic
transport in normal metals with a
single-spin qubit
S. Kolkowitz,1* A. Safira,1* A. A. High,1,2 R. C. Devlin,2 S. Choi,1 Q. P. Unterreithmeier,1

D. Patterson,1 A. S. Zibrov,1 V. E. Manucharyan,3 H. Park,1,2† M. D. Lukin1†

Thermally induced electrical currents, known as Johnson noise, cause fluctuating electric and
magnetic fields in proximity to a conductor. These fluctuations are intrinsically related to the
conductivity of the metal.We use single-spin qubits associated with nitrogen-vacancy centers in
diamond to probe Johnson noise in the vicinity of conductive silver films. Measurements of
polycrystalline silver films over a range of distances (20 to 200 nanometers) and temperatures
(10 to 300 kelvin) are consistent with the classically expected behavior of the magnetic
fluctuations. However, we find that Johnson noise is markedly suppressed next to single-crystal
films, indicativeofa substantial deviation fromOhm’s lawat lengthscalesbelow theelectronmean
free path.Our results are consistentwith ageneralizedmodel that accounts for theballisticmotion
of electrons in themetal, indicating that under the appropriate conditions, nearby electrodesmay
be used for controlling nanoscale optoelectronic, atomic, and solid-state quantum systems.

U
nderstanding electron transport, dissipa-
tion, and fluctuations at submicrometer
length scales is critical for the continued
miniaturization of electronic (1, 2) and op-
tical devices (3–5), as well as atom and ion

traps (6–10), and for the electrical control of
solid-state quantum circuits (11). Although it is
well known that electronic transport in small
samples defies the conventional wisdom asso-
ciated with macroscopic devices, resistance-free
transport is difficult to observe directly. Most of the
measurements demonstrating these effects make
use of ohmic contacts attached to submicrometer-
scale samples and observe quantized but finite
resistance corresponding to the voltage drop at
the contact of such a system with a macroscopic
conductor (12, 13). Techniques for noninvasive
probing of electron transport are being actively
explored (14, 15), because they can provide in-
sights into electronic dynamics at small length
scales. Our approach makes use of the electro-
magnetic fluctuations associated with Johnson
noise close to a conducting surface, which can
be directly linked to the dielectric function at
similar length scales, providing a noninvasive
probe of electronic transport inside the metal.
Measurements of these fluctuations at microme-
ter length scales with cold, trapped atoms showed
excellent agreement with predictions based on dif-
fusive electron motion (7–9), whereas millimeter–
length scale measurements with superconducting
quantum interference devices (SQUIDs) have been
demonstrated for use as an accurate, contact-free
thermometer (16).

Our approach makes use of the electronic
spin associated with nitrogen-vacancy (NV) de-
fect centers in diamond to study the spectral,

spatial, and temperature dependence of Johnson
noise emanating from conductors. The magnetic
Johnson noise results in a reduction of the spin
lifetime of individual NV electronic spins, thereby
allowing us to probe the intrinsic properties of
the conductor noninvasively over a wide range
of parameters. Individual, optically resolvable
NV centers are implanted ∼15 nm below the
surface of a ∼30-mm-thick diamond sample. A
silver film is then deposited or positioned on
the diamond surface (Fig. 1A). The spin sub-
levels jms ¼ 0〉 and jms ¼ T1〉 of the NV electronic
ground state exhibit a zero-field splitting of
D ¼ 2p" 2:88 GHz (17–20). The relaxation rates
between the jms ¼ 0〉 and jms ¼ T1〉 states pro-
vide a sensitive probe of the magnetic field noise
at the transition frequencies wT ¼ D T 2gmBBjj,
where Bjj is the magnetic field along the NV
axis, g ≈ 2 is the electron g-factor, and mB is the
Bohr magneton (21, 22) (Fig. 1B).
The impact of Johnson noise emanating from

a polycrystalline silver film deposited on the
diamond surface (Fig. 1C) is evident when com-
paring the relaxation of a single NV spin below
the silver (red circles) to the relaxation of the
same NV before film deposition and after re-
moval of the silver (open blue squares and tri-
angles, respectively). At room temperature and

SCIENCE sciencemag.org 6 MARCH 2015 • VOL 347 ISSUE 6226 1129

1Department of Physics, Harvard University, Cambridge, MA
02138, USA. 2Department of Chemistry and Chemical
Biology, Harvard University, Cambridge, MA 02138, USA.
3Department of Physics, University of Maryland, College
Park, MD 20742, USA.
*These authors contributed equally to this work. †Corresponding
author. E-mail: lukin@physics.harvard.edu (M.D.L.); hongkun_park@
harvard.edu (H.P.)

Fig. 1. Probing Johnson noise with single-spin qubits. (A) The thermally induced motion of electrons
in silver generates fluctuating magnetic fields (B

→
), which are detected with the spin of a single NV.The NV

is polarized and read out through the back side of the diamond. (B) The NV spin is polarized into the
jms ¼ 0〉 state using a green laser pulse. Spin relaxation into the jms ¼ T1〉 states is induced by magnetic
field noise at ∼2.88 GHz. After wait time t, the population left in jms ¼ 0〉 is read out by spin-dependent
fluorescence. All measurements shown were performed at low magnetic fields (D ≫ gmBBjj=ℏ). (C) Spin
relaxation data for the same single shallow-implant NV before silver deposition (open blue squares), with
silver deposited (red circles) and after the silver has been removed (open blue triangles). (D) Spin
relaxation for a single NV close to a silver film prepared in the jms ¼ 0〉 state (red circles) and in the
jms ¼ −1〉 state (open orange circles). (Inset) Spin relaxation for a single native NV in bulk diamond in the
jms ¼ 0〉 state (blue circles) and in the jms ¼ −1〉 state (open light blue circles).
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Question: What do we see when we bring an NV center
near the surface of an electrical conductor?
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Electrical conductors
Conductors allow the flow of electrons (e.g, a copper wire):

I = V /R, R = resistance

R is determined by microscopic properties of a conductor, and its shape:

R = ρ L
A
, ρ = resistivity, σ = 1/ρ = conductivity

In the simplest situation, conductors obey the microscopic Ohm’s law:

J⃗(x , t) = σE⃗(x , t).
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Conductivity – Drude model (1900)

m ˙⃗v = −eE⃗ − m

τD
v⃗

“Friction” determined by average time τD between e− scattering events.

Steady state: ˙⃗v = 0, ⇒ v⃗ = −eτD
m

E⃗

.

J⃗ = −env⃗ ⇒ J⃗ = σE⃗ , σ = ne2τD
m

mean free-path: ` = v0τD , v0 = electron speed between collisions.
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Johnson-Nyquist noise (1928)

Even in the absence of an applied field, thermal motion of e− in a
conductor leads to current fluctuations:

1

2
m⟨v2th⟩ =

3

2
kBT (equipartition)

V 2
rms = V 2 = 4kBTR∆f , I 2 = 4kBT∆f

R
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Figure 1. Johnson's 1927 experiment showed that if
thermal noise from a resistance of  with temperature 

 is bandlimited to bandwidth , then its root mean
squared voltage  is  in general,
where  is the Boltzmann constant.

Figure 2. Johnson-Nyquist noise has a nearly a constant 4kBTR
power spectral density per unit of frequency, but does decay to zero
due to quantum effects at high frequencies (terahertz for room
temperature). This plot's horizontal axis uses a log scale such that
every vertical line corresponds to a power of ten of frequency in
hertz.

Johnson–Nyquist noise
Johnson–Nyquist noise (thermal noise,
Johnson noise, or Nyquist noise) is the
electronic noise generated by the thermal
agitation of the charge carriers (usually the
electrons) inside an electrical conductor at
equilibrium, which happens regardless of any
applied voltage. Thermal noise is present in all
electrical circuits, and in sensitive electronic
equipment (such as radio receivers) can drown
out weak signals, and can be the limiting factor
on sensitivity of electrical measuring
instruments. Thermal noise is proportional to
absolute temperature, so some sensitive electronic equipment such as radio telescope receivers are
cooled to cryogenic temperatures to improve their signal-to-noise ratio. The generic, statistical
physical derivation of this noise is called the fluctuation-dissipation theorem, where generalized
impedance or generalized susceptibility is used to characterize the medium.

Thermal noise in an ideal resistor is
approximately white, meaning that its
power spectral density is nearly
constant throughout the frequency
spectrum (Figure 2). When limited to
a finite bandwidth and viewed in the
time domain (as sketched in Figure
1), thermal noise has a nearly
Gaussian amplitude distribution.[1]

For the general case, this definition
applies to charge carriers in any type
of conducting medium (e.g. ions in an
electrolyte), not just resistors. Thermal noise is distinct from shot noise, which consists of
additional current fluctuations that occur when a voltage is applied and a macroscopic current
starts to flow.

V 2
rms = V 2 = 4kBTR∆f , I 2 = 4kBT∆f

R
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Noise spectral density (more refined information)
Consider electron velocity v(t0) and at a later time v(t0 + t). A
useful quantity is:

Cv(t) = ∫
∞

−∞
dt0 v(t0 + t)v(t0)

Measure of the correlation between the velocity at times t0 and t0 + t.

More relevant is the Fourier transform:

Sv(ω) = ∫
∞

−∞
dt e−iωtCv(t) (noise spectral density)

A reasonable approximation:

Cv(t) = v2e−t/τc , τc = noise correlation time, v2 ∼ kBT /m

⇒ Sv(ω) = 2v2τc
1

1 + (ωτc)2
≈ 2v2τc

Johnson noise: SI (ω) =
4kBT

R
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Putting everything together: NV center near a conductor

Current fluctuations ⇒ noisy magnetic fields B above the conductor

B-field at the position of the NV ⇒ transitions between levels with rate Γ
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NV center near a conductor (experiment)

Decay of ∣0⟩ state as a function of time
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NV transition rate Γ

Hinteraction = γB(t) (∣0⟩⟨1∣ + ∣1⟩⟨0∣)

Transition rate is determined by “Fermi’s golden rule”

Γ = ∣⟨1∣Hinteraction(ω = ∆E/h̵)∣0⟩∣2

Γ = γ2SB(ω = ∆/h̵) ≈ γ2SB(ω = 0) = γ2B2τc

Q: What are B2 and τc? How do they depend on d , T , etc...?
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NV transition rate

Γ = γ2B2τc

Magnetic field at heigh d from e− moving in the conductor:

B = µ0ev

4πd2
⇒ B2 = µ20e

2

16π2d4
v2 ∼ µ

2
0e

2

d4

kBT

m

Many electrons will contribute to the B-field noise: estimate N ∼ nd3,
where n = electron density and the “sensing volume” ∼ d3.

⇒ Γ ∼ µ
2
0

d
kBT

ne2τc
m

L. S. Langsjoen, A. Poudel, M. G. Vavilov, R. Joynt, Qubit relaxation from
evanescent-wave Johnson noise (2012)
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NV transition rate (cont.)

Γ ∼ µ
2
0

d
kBT

ne2τc
m

From the Drude model σ = ne2τD/m, with mean-free path ` = v0τD . If
` < d , then τc = τD .

NV dipole relative to the surface normal vector
(23). In Fig. 2B, the inverse scaling with distance
d predicted by Eq. 1 is clearly evident for NVs
very close to the silver. At distances comparable
to the silver film thickness, Eq. 1 is no longer
valid, but we recover excellent agreement with
the no-free-parameters prediction of Eq. 2 by
including a correction for the thickness of the
silver film (red dashed line in Fig. 2B), which is
measured independently. The measured relax-
ation rates as a function of temperature are
also in excellent agreement with the predic-
tions of Eq. 2 (red dashed line in Fig. 3A), while
the extracted distance of 31 T 1 nm is consistent
with the expected depth (23).
Notably, very different results are obtained

when we replace the polycrystalline film with
single-crystal silver. For this experiment, a 1.5-mm-
thick single-crystal silver film grown by sputter-
ing onto silicon (23, 25, 26) is placed in contact
with the diamond surface. The measured con-
ductivity of the single-crystal silver exhibits a
much stronger temperature dependence (blue
line in Fig. 4A) as compared to that of the
100-nm-thick polycrystalline film. Figure 4B

presents the measured relaxation rate as a func-
tion of temperature for an NV in a region in di-
rect contact with the single-crystal silver (blue
squares). The dashed blue line corresponds to
the temperature-dependent rate predicted by
Eq. 2, which strongly disagrees with the exper-
imental results. Specifically, because the mea-
sured silver conductivity increases faster than
the temperature decreases in the range from
room temperature down to 40 K, Eq. 2 predicts
that the relaxation rate should increase as the
temperature drops, peaking at 40 K and then
dropping linearly with temperature once the
conductivity saturates. Instead, the T1 of the NV
consistently increases as the temperature drops,
implying that at lower temperatures, the sil-
ver produces considerably less noise than ex-
pected from Eq. 2. We observe similar deviation
from the prediction of Eq. 2 for all 23 NVs
measured in the vicinity of the single-crystal
silver (23).
To analyze these observations, we note that

the conventional theoretical approach (6) result-
ing in Eq. 2 treats the motion of the electrons in
the metal as entirely diffusive, using Ohm’s law,

Jðr; tÞ ¼ sEðr; tÞ, to associate the bulk conduc-
tivity of the metal with the magnitude of the
thermal currents.While accurately describing the
observed relaxation rates next to the polycrystal-
line material, where the resistivity of the film is
dominated by electron scattering off grain bound-
aries (Fig. 3B, inset), this assumption is invalid in
the single-crystal silver film experiments, partic-
ularly at low temperatures. Here, the measured
conductivity of the single-crystal film indicates
that the mean free path l is greater than 1 mm,
considerably exceeding the sensing region de-
termined by the NV-metal separation, and thus
the ballistic motion of the electrons must be
accounted for. Qualitatively, the correlation time
of the magnetic noise in this regime is deter-
mined by the ballistic time of flight of electrons
through the relevant interaction region tc ∼ d=vF
(Fig. 4C). This results in a saturation of the noise
spectral density and the spin relaxation rate G as
either theNVapproaches the silver surface or the
mean free path becomes longer at lower temper-
atures (23), with the ultimate limit to the noise
spectrum given by:

SzB ¼ 2 m20kBT
p

ne2

mevF
ð3Þ

This regime of magnetic Johnson noise was
recently analyzed theoretically (11) using the
Lindhard form nonlocal dielectric function for
the metal modified for finite electron scattering
times (23, 27, 28). Comparison of this model
(solid line in Fig. 4B) to the data, with distance
again as the only free parameter, yields excellent
agreement for all 23 measured NVs (23). Figure
4D shows the measured T1 times at 103 and 27 K
for each NV as a function of extracted distance
(blue triangles). Of the 23 NVs measured, 15 are
in a region of the diamond sample in direct con-
tact with the silver (23). Excellent agreement
between the nonlocal model (solid lines) and the
data is observed for all 23 NVs at all 12 measured
temperatures. Apparent in Fig. 4D is the satura-
tion of the relaxation rate as the NV approaches
the silver surface and as the mean free path be-
comes longer at lower temperatures (dashed
black line), as predicted by Eq. 3.
Although ballistic electron motion in nano-

scale structures has previously been studied and
utilized (12, 13), our approach allows for non-
invasive probing of this and related phenomena
and provides the possibility for studying meso-
scopic physics inmacroscopic samples. The com-
bination of sensitivity and spatial resolution
demonstrated here enables direct probing of cur-
rent fluctuations in the proximity of individual
impurities, with potential applications such as
imaging of Kondo states and probing of novel
two-dimensional materials (29), where our tech-
niquemay allow for the spatially resolved probing
of edge states (12). Likewise, it could enable in-
vestigation of the origin of 1=f flux noise by
probing magnetic fluctuations near supercon-
ducting Josephson circuits (30, 31). Finally, as
Johnson noise presents an important limitation
to the control of classical andquantummechanical
devices at small length scales (6–10), the present
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Fig. 4. Temperature dependence of NV relaxation close to single-crystal silver. (A) Measured
conductivity of single-crystal (blue curve) and polycrystalline (red curve, same as Fig. 3B) silver as a
function of temperature. (Inset) Electron backscatter diffraction image of the single-crystal silver film
showing no grain boundaries, and the observed diffraction pattern. (B) Relaxation of a single NV spin
under single-crystal silver as a function of temperature (blue squares). The error bars reflect 1 SD in the
fitted relaxation rate. Equation 2 is fit to the data from 200 to 295 K (blue dashed line). A nonlocal model
(23) is fit to the data (blue solid line); the extracted distance between the NV and the silver surface is
36 T 1 nm. (C) Cartoon illustrating the relevant limits, where the noise is dominated by diffusive electron
motion (left, l ≪ d) and ballistic motion (right, l ≫ d). (D) The same data as in (B) were taken for 23 NVs
at varying distances from the film.The T1 of each NV at 103 K (top) and 27 K (bottom) is plotted against
the extracted depth (blue triangles). The horizontal error bars reflect 1 SD in the fitted distance to the
film, while the vertical error bars reflect 1 SD in the fitted relaxation time. The nonlocal model (solid
colored lines) saturates at a finite lifetime determined by Eq. 3 (bottom, dashed black line), whereas the
local model does not (dashed colored lines).
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NV transition rate (cont.)

Γ ∼ µ
2
0

d
kBT

ne2τc
m

From the Drude model σ = ne2τD/m, with mean-free path ` = v0τD . If
` < d , then τc = τD .

NV dipole relative to the surface normal vector
(23). In Fig. 2B, the inverse scaling with distance
d predicted by Eq. 1 is clearly evident for NVs
very close to the silver. At distances comparable
to the silver film thickness, Eq. 1 is no longer
valid, but we recover excellent agreement with
the no-free-parameters prediction of Eq. 2 by
including a correction for the thickness of the
silver film (red dashed line in Fig. 2B), which is
measured independently. The measured relax-
ation rates as a function of temperature are
also in excellent agreement with the predic-
tions of Eq. 2 (red dashed line in Fig. 3A), while
the extracted distance of 31 T 1 nm is consistent
with the expected depth (23).
Notably, very different results are obtained

when we replace the polycrystalline film with
single-crystal silver. For this experiment, a 1.5-mm-
thick single-crystal silver film grown by sputter-
ing onto silicon (23, 25, 26) is placed in contact
with the diamond surface. The measured con-
ductivity of the single-crystal silver exhibits a
much stronger temperature dependence (blue
line in Fig. 4A) as compared to that of the
100-nm-thick polycrystalline film. Figure 4B

presents the measured relaxation rate as a func-
tion of temperature for an NV in a region in di-
rect contact with the single-crystal silver (blue
squares). The dashed blue line corresponds to
the temperature-dependent rate predicted by
Eq. 2, which strongly disagrees with the exper-
imental results. Specifically, because the mea-
sured silver conductivity increases faster than
the temperature decreases in the range from
room temperature down to 40 K, Eq. 2 predicts
that the relaxation rate should increase as the
temperature drops, peaking at 40 K and then
dropping linearly with temperature once the
conductivity saturates. Instead, the T1 of the NV
consistently increases as the temperature drops,
implying that at lower temperatures, the sil-
ver produces considerably less noise than ex-
pected from Eq. 2. We observe similar deviation
from the prediction of Eq. 2 for all 23 NVs
measured in the vicinity of the single-crystal
silver (23).
To analyze these observations, we note that

the conventional theoretical approach (6) result-
ing in Eq. 2 treats the motion of the electrons in
the metal as entirely diffusive, using Ohm’s law,

Jðr; tÞ ¼ sEðr; tÞ, to associate the bulk conduc-
tivity of the metal with the magnitude of the
thermal currents.While accurately describing the
observed relaxation rates next to the polycrystal-
line material, where the resistivity of the film is
dominated by electron scattering off grain bound-
aries (Fig. 3B, inset), this assumption is invalid in
the single-crystal silver film experiments, partic-
ularly at low temperatures. Here, the measured
conductivity of the single-crystal film indicates
that the mean free path l is greater than 1 mm,
considerably exceeding the sensing region de-
termined by the NV-metal separation, and thus
the ballistic motion of the electrons must be
accounted for. Qualitatively, the correlation time
of the magnetic noise in this regime is deter-
mined by the ballistic time of flight of electrons
through the relevant interaction region tc ∼ d=vF
(Fig. 4C). This results in a saturation of the noise
spectral density and the spin relaxation rate G as
either theNVapproaches the silver surface or the
mean free path becomes longer at lower temper-
atures (23), with the ultimate limit to the noise
spectrum given by:

SzB ¼ 2 m20kBT
p

ne2

mevF
ð3Þ

This regime of magnetic Johnson noise was
recently analyzed theoretically (11) using the
Lindhard form nonlocal dielectric function for
the metal modified for finite electron scattering
times (23, 27, 28). Comparison of this model
(solid line in Fig. 4B) to the data, with distance
again as the only free parameter, yields excellent
agreement for all 23 measured NVs (23). Figure
4D shows the measured T1 times at 103 and 27 K
for each NV as a function of extracted distance
(blue triangles). Of the 23 NVs measured, 15 are
in a region of the diamond sample in direct con-
tact with the silver (23). Excellent agreement
between the nonlocal model (solid lines) and the
data is observed for all 23 NVs at all 12 measured
temperatures. Apparent in Fig. 4D is the satura-
tion of the relaxation rate as the NV approaches
the silver surface and as the mean free path be-
comes longer at lower temperatures (dashed
black line), as predicted by Eq. 3.
Although ballistic electron motion in nano-

scale structures has previously been studied and
utilized (12, 13), our approach allows for non-
invasive probing of this and related phenomena
and provides the possibility for studying meso-
scopic physics inmacroscopic samples. The com-
bination of sensitivity and spatial resolution
demonstrated here enables direct probing of cur-
rent fluctuations in the proximity of individual
impurities, with potential applications such as
imaging of Kondo states and probing of novel
two-dimensional materials (29), where our tech-
niquemay allow for the spatially resolved probing
of edge states (12). Likewise, it could enable in-
vestigation of the origin of 1=f flux noise by
probing magnetic fluctuations near supercon-
ducting Josephson circuits (30, 31). Finally, as
Johnson noise presents an important limitation
to the control of classical andquantummechanical
devices at small length scales (6–10), the present
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Fig. 4. Temperature dependence of NV relaxation close to single-crystal silver. (A) Measured
conductivity of single-crystal (blue curve) and polycrystalline (red curve, same as Fig. 3B) silver as a
function of temperature. (Inset) Electron backscatter diffraction image of the single-crystal silver film
showing no grain boundaries, and the observed diffraction pattern. (B) Relaxation of a single NV spin
under single-crystal silver as a function of temperature (blue squares). The error bars reflect 1 SD in the
fitted relaxation rate. Equation 2 is fit to the data from 200 to 295 K (blue dashed line). A nonlocal model
(23) is fit to the data (blue solid line); the extracted distance between the NV and the silver surface is
36 T 1 nm. (C) Cartoon illustrating the relevant limits, where the noise is dominated by diffusive electron
motion (left, l ≪ d) and ballistic motion (right, l ≫ d). (D) The same data as in (B) were taken for 23 NVs
at varying distances from the film.The T1 of each NV at 103 K (top) and 27 K (bottom) is plotted against
the extracted depth (blue triangles). The horizontal error bars reflect 1 SD in the fitted distance to the
film, while the vertical error bars reflect 1 SD in the fitted relaxation time. The nonlocal model (solid
colored lines) saturates at a finite lifetime determined by Eq. 3 (bottom, dashed black line), whereas the
local model does not (dashed colored lines).
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NV transition rate (cont.)

Γ ∼ µ
2
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ne2τc
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From the Drude model σ = ne2τD/m, with mean-free path ` = v0τD . If
` < d , then τc = τD .

NV dipole relative to the surface normal vector
(23). In Fig. 2B, the inverse scaling with distance
d predicted by Eq. 1 is clearly evident for NVs
very close to the silver. At distances comparable
to the silver film thickness, Eq. 1 is no longer
valid, but we recover excellent agreement with
the no-free-parameters prediction of Eq. 2 by
including a correction for the thickness of the
silver film (red dashed line in Fig. 2B), which is
measured independently. The measured relax-
ation rates as a function of temperature are
also in excellent agreement with the predic-
tions of Eq. 2 (red dashed line in Fig. 3A), while
the extracted distance of 31 T 1 nm is consistent
with the expected depth (23).
Notably, very different results are obtained

when we replace the polycrystalline film with
single-crystal silver. For this experiment, a 1.5-mm-
thick single-crystal silver film grown by sputter-
ing onto silicon (23, 25, 26) is placed in contact
with the diamond surface. The measured con-
ductivity of the single-crystal silver exhibits a
much stronger temperature dependence (blue
line in Fig. 4A) as compared to that of the
100-nm-thick polycrystalline film. Figure 4B

presents the measured relaxation rate as a func-
tion of temperature for an NV in a region in di-
rect contact with the single-crystal silver (blue
squares). The dashed blue line corresponds to
the temperature-dependent rate predicted by
Eq. 2, which strongly disagrees with the exper-
imental results. Specifically, because the mea-
sured silver conductivity increases faster than
the temperature decreases in the range from
room temperature down to 40 K, Eq. 2 predicts
that the relaxation rate should increase as the
temperature drops, peaking at 40 K and then
dropping linearly with temperature once the
conductivity saturates. Instead, the T1 of the NV
consistently increases as the temperature drops,
implying that at lower temperatures, the sil-
ver produces considerably less noise than ex-
pected from Eq. 2. We observe similar deviation
from the prediction of Eq. 2 for all 23 NVs
measured in the vicinity of the single-crystal
silver (23).
To analyze these observations, we note that

the conventional theoretical approach (6) result-
ing in Eq. 2 treats the motion of the electrons in
the metal as entirely diffusive, using Ohm’s law,

Jðr; tÞ ¼ sEðr; tÞ, to associate the bulk conduc-
tivity of the metal with the magnitude of the
thermal currents.While accurately describing the
observed relaxation rates next to the polycrystal-
line material, where the resistivity of the film is
dominated by electron scattering off grain bound-
aries (Fig. 3B, inset), this assumption is invalid in
the single-crystal silver film experiments, partic-
ularly at low temperatures. Here, the measured
conductivity of the single-crystal film indicates
that the mean free path l is greater than 1 mm,
considerably exceeding the sensing region de-
termined by the NV-metal separation, and thus
the ballistic motion of the electrons must be
accounted for. Qualitatively, the correlation time
of the magnetic noise in this regime is deter-
mined by the ballistic time of flight of electrons
through the relevant interaction region tc ∼ d=vF
(Fig. 4C). This results in a saturation of the noise
spectral density and the spin relaxation rate G as
either theNVapproaches the silver surface or the
mean free path becomes longer at lower temper-
atures (23), with the ultimate limit to the noise
spectrum given by:

SzB ¼ 2 m20kBT
p

ne2

mevF
ð3Þ

This regime of magnetic Johnson noise was
recently analyzed theoretically (11) using the
Lindhard form nonlocal dielectric function for
the metal modified for finite electron scattering
times (23, 27, 28). Comparison of this model
(solid line in Fig. 4B) to the data, with distance
again as the only free parameter, yields excellent
agreement for all 23 measured NVs (23). Figure
4D shows the measured T1 times at 103 and 27 K
for each NV as a function of extracted distance
(blue triangles). Of the 23 NVs measured, 15 are
in a region of the diamond sample in direct con-
tact with the silver (23). Excellent agreement
between the nonlocal model (solid lines) and the
data is observed for all 23 NVs at all 12 measured
temperatures. Apparent in Fig. 4D is the satura-
tion of the relaxation rate as the NV approaches
the silver surface and as the mean free path be-
comes longer at lower temperatures (dashed
black line), as predicted by Eq. 3.
Although ballistic electron motion in nano-

scale structures has previously been studied and
utilized (12, 13), our approach allows for non-
invasive probing of this and related phenomena
and provides the possibility for studying meso-
scopic physics inmacroscopic samples. The com-
bination of sensitivity and spatial resolution
demonstrated here enables direct probing of cur-
rent fluctuations in the proximity of individual
impurities, with potential applications such as
imaging of Kondo states and probing of novel
two-dimensional materials (29), where our tech-
niquemay allow for the spatially resolved probing
of edge states (12). Likewise, it could enable in-
vestigation of the origin of 1=f flux noise by
probing magnetic fluctuations near supercon-
ducting Josephson circuits (30, 31). Finally, as
Johnson noise presents an important limitation
to the control of classical andquantummechanical
devices at small length scales (6–10), the present
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Fig. 4. Temperature dependence of NV relaxation close to single-crystal silver. (A) Measured
conductivity of single-crystal (blue curve) and polycrystalline (red curve, same as Fig. 3B) silver as a
function of temperature. (Inset) Electron backscatter diffraction image of the single-crystal silver film
showing no grain boundaries, and the observed diffraction pattern. (B) Relaxation of a single NV spin
under single-crystal silver as a function of temperature (blue squares). The error bars reflect 1 SD in the
fitted relaxation rate. Equation 2 is fit to the data from 200 to 295 K (blue dashed line). A nonlocal model
(23) is fit to the data (blue solid line); the extracted distance between the NV and the silver surface is
36 T 1 nm. (C) Cartoon illustrating the relevant limits, where the noise is dominated by diffusive electron
motion (left, l ≪ d) and ballistic motion (right, l ≫ d). (D) The same data as in (B) were taken for 23 NVs
at varying distances from the film.The T1 of each NV at 103 K (top) and 27 K (bottom) is plotted against
the extracted depth (blue triangles). The horizontal error bars reflect 1 SD in the fitted distance to the
film, while the vertical error bars reflect 1 SD in the fitted relaxation time. The nonlocal model (solid
colored lines) saturates at a finite lifetime determined by Eq. 3 (bottom, dashed black line), whereas the
local model does not (dashed colored lines).
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Noise for d < `

Γ ∼ µ
2
0

d

ne2

m
kBT τc

Q: What happens when the NV is at a distance d < `, the mean-free path?
Relaxation is qualitatively changed owing to ballistic motion of e−.

NV dipole relative to the surface normal vector
(23). In Fig. 2B, the inverse scaling with distance
d predicted by Eq. 1 is clearly evident for NVs
very close to the silver. At distances comparable
to the silver film thickness, Eq. 1 is no longer
valid, but we recover excellent agreement with
the no-free-parameters prediction of Eq. 2 by
including a correction for the thickness of the
silver film (red dashed line in Fig. 2B), which is
measured independently. The measured relax-
ation rates as a function of temperature are
also in excellent agreement with the predic-
tions of Eq. 2 (red dashed line in Fig. 3A), while
the extracted distance of 31 T 1 nm is consistent
with the expected depth (23).
Notably, very different results are obtained

when we replace the polycrystalline film with
single-crystal silver. For this experiment, a 1.5-mm-
thick single-crystal silver film grown by sputter-
ing onto silicon (23, 25, 26) is placed in contact
with the diamond surface. The measured con-
ductivity of the single-crystal silver exhibits a
much stronger temperature dependence (blue
line in Fig. 4A) as compared to that of the
100-nm-thick polycrystalline film. Figure 4B

presents the measured relaxation rate as a func-
tion of temperature for an NV in a region in di-
rect contact with the single-crystal silver (blue
squares). The dashed blue line corresponds to
the temperature-dependent rate predicted by
Eq. 2, which strongly disagrees with the exper-
imental results. Specifically, because the mea-
sured silver conductivity increases faster than
the temperature decreases in the range from
room temperature down to 40 K, Eq. 2 predicts
that the relaxation rate should increase as the
temperature drops, peaking at 40 K and then
dropping linearly with temperature once the
conductivity saturates. Instead, the T1 of the NV
consistently increases as the temperature drops,
implying that at lower temperatures, the sil-
ver produces considerably less noise than ex-
pected from Eq. 2. We observe similar deviation
from the prediction of Eq. 2 for all 23 NVs
measured in the vicinity of the single-crystal
silver (23).
To analyze these observations, we note that

the conventional theoretical approach (6) result-
ing in Eq. 2 treats the motion of the electrons in
the metal as entirely diffusive, using Ohm’s law,

Jðr; tÞ ¼ sEðr; tÞ, to associate the bulk conduc-
tivity of the metal with the magnitude of the
thermal currents.While accurately describing the
observed relaxation rates next to the polycrystal-
line material, where the resistivity of the film is
dominated by electron scattering off grain bound-
aries (Fig. 3B, inset), this assumption is invalid in
the single-crystal silver film experiments, partic-
ularly at low temperatures. Here, the measured
conductivity of the single-crystal film indicates
that the mean free path l is greater than 1 mm,
considerably exceeding the sensing region de-
termined by the NV-metal separation, and thus
the ballistic motion of the electrons must be
accounted for. Qualitatively, the correlation time
of the magnetic noise in this regime is deter-
mined by the ballistic time of flight of electrons
through the relevant interaction region tc ∼ d=vF
(Fig. 4C). This results in a saturation of the noise
spectral density and the spin relaxation rate G as
either theNVapproaches the silver surface or the
mean free path becomes longer at lower temper-
atures (23), with the ultimate limit to the noise
spectrum given by:

SzB ¼ 2 m20kBT
p

ne2

mevF
ð3Þ

This regime of magnetic Johnson noise was
recently analyzed theoretically (11) using the
Lindhard form nonlocal dielectric function for
the metal modified for finite electron scattering
times (23, 27, 28). Comparison of this model
(solid line in Fig. 4B) to the data, with distance
again as the only free parameter, yields excellent
agreement for all 23 measured NVs (23). Figure
4D shows the measured T1 times at 103 and 27 K
for each NV as a function of extracted distance
(blue triangles). Of the 23 NVs measured, 15 are
in a region of the diamond sample in direct con-
tact with the silver (23). Excellent agreement
between the nonlocal model (solid lines) and the
data is observed for all 23 NVs at all 12 measured
temperatures. Apparent in Fig. 4D is the satura-
tion of the relaxation rate as the NV approaches
the silver surface and as the mean free path be-
comes longer at lower temperatures (dashed
black line), as predicted by Eq. 3.
Although ballistic electron motion in nano-

scale structures has previously been studied and
utilized (12, 13), our approach allows for non-
invasive probing of this and related phenomena
and provides the possibility for studying meso-
scopic physics inmacroscopic samples. The com-
bination of sensitivity and spatial resolution
demonstrated here enables direct probing of cur-
rent fluctuations in the proximity of individual
impurities, with potential applications such as
imaging of Kondo states and probing of novel
two-dimensional materials (29), where our tech-
niquemay allow for the spatially resolved probing
of edge states (12). Likewise, it could enable in-
vestigation of the origin of 1=f flux noise by
probing magnetic fluctuations near supercon-
ducting Josephson circuits (30, 31). Finally, as
Johnson noise presents an important limitation
to the control of classical andquantummechanical
devices at small length scales (6–10), the present

SCIENCE sciencemag.org 6 MARCH 2015 • VOL 347 ISSUE 6226 1131

Distance (nm)

R
el

ax
at

io
n 

tim
e 

T
1 
(m

s)

e-

d

d

e-

d

d

NV spinNV spin

14

12

10

8

6

4

2
C

on
du

ct
iv

ity
 (

S
/m

)
30025020015010050

 Temperature (K)

x108

20

15

10

5

0
30025020015010050

 Temperature (K)

700 nm

0.01

0.1

1

10 2 3 4 5 6 7 100 2 3 4

27 K

0.01

0.1

1  103 K

 R
el

ax
at

io
n 

ra
te

 Γ
 (1

/m
s)

 
Fig. 4. Temperature dependence of NV relaxation close to single-crystal silver. (A) Measured
conductivity of single-crystal (blue curve) and polycrystalline (red curve, same as Fig. 3B) silver as a
function of temperature. (Inset) Electron backscatter diffraction image of the single-crystal silver film
showing no grain boundaries, and the observed diffraction pattern. (B) Relaxation of a single NV spin
under single-crystal silver as a function of temperature (blue squares). The error bars reflect 1 SD in the
fitted relaxation rate. Equation 2 is fit to the data from 200 to 295 K (blue dashed line). A nonlocal model
(23) is fit to the data (blue solid line); the extracted distance between the NV and the silver surface is
36 T 1 nm. (C) Cartoon illustrating the relevant limits, where the noise is dominated by diffusive electron
motion (left, l ≪ d) and ballistic motion (right, l ≫ d). (D) The same data as in (B) were taken for 23 NVs
at varying distances from the film.The T1 of each NV at 103 K (top) and 27 K (bottom) is plotted against
the extracted depth (blue triangles). The horizontal error bars reflect 1 SD in the fitted distance to the
film, while the vertical error bars reflect 1 SD in the fitted relaxation time. The nonlocal model (solid
colored lines) saturates at a finite lifetime determined by Eq. 3 (bottom, dashed black line), whereas the
local model does not (dashed colored lines).
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Roughly: τc ∼ d/v0
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Noise for d < ` (experiment)
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Noise for d < ` (experiment)
(T1 = 1/Γ)

Experiment shows saturation of Γ ∼ 1/d as d → 0.

Ohmic conductivity predicts Γ ∼ d → 0 as d → 0.

τc ∼ d/v0 ⇒ Γ ∼ µ20
ne2kBT

mv0
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Noise for d < `

A proper understanding of this “ballistic” regime requires modification of
Ohm’s law in terms of “non-local conductivity”:

J(x , t) = ∫ dt ′dx ′σ(x − x ′, t − t ′)E(x ′, t ′)

If we consider an oscillating field E = E0e
i(qx−ωt) the induced current is:

J(x , t) = σ(q, ω)E0e
i(qx−ωt), σ(q, ω) = F.T. of σ(x , t)

In an NV experiment, we (roughly) probe σ(q ∼ 1/d , ω = ∆E/h̵).
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Noise probed by a quantum sensor yields information about nonlocal
conductivity – useful for studying a variety of condensed matter systems.
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Noise measurements with a quantum sensor can also (conceivably) be
used to study magnetic insulators (e.g., spin liquids)

PHYSICAL REVIEW B 99, 104425 (2019)
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Two-dimensional magnetic insulators exhibit a plethora of competing ground states, such as ordered
(anti)ferromagnets, exotic quantum spin liquid states with topological order and anyonic excitations, and
random singlet phases emerging in highly disordered frustrated magnets. Here we show how single-spin qubits,
which interact directly with the low-energy excitations of magnetic insulators, can be used as a diagnostic of
magnetic ground states. Experimentally tunable parameters, such as qubit level splitting, sample temperature,
and qubit-sample distance, can be used to measure spin correlations with energy and wave-vector resolution.
Such resolution can be exploited, for instance, to distinguish between fractionalized excitations in spin liquids
and spin waves in magnetically ordered states, or to detect anyonic statistics in gapped systems.

DOI: 10.1103/PhysRevB.99.104425

I. INTRODUCTION

The subtle interplay between strong correlations, geomet-
ric or exchange frustration, disorder and quantum fluctuations
in insulators with spin degrees of freedom can lead to a
variety of ground states that often compete closely in energy
[1–3]. The most common phases exhibit long-range magnetic
order, which spontaneously break the underlying spin-rotation
symmetry of the Hamiltonian. Alternatively, strong quantum
fluctuations in lower-dimensional systems can lead to exotic
quantum spin liquid (QSL) phases, which are characterized by
intrinsic topological order and anyonic excitations described
by lattice gauge theories [4,5]. Another possible ground state
is the valence bond solid (VBS), which preserves spin-rotation
symmetries but breaks the discrete translation symmetry of
the crystal [6,7]. In the presence of strong disorder in the
exchange coupling between neighboring spins, the VBS can
form a random singlet phase, which statistically preserves all
symmetries, but is topologically trivial with no long-range
quantum entanglement [8,9]. Given the wide spectrum of pos-
sibilities, it is of primary importance to develop experimental
probes that can distinguish between these competing ground
states and find convincing signatures of their corresponding
emergent collective excitations.

The recent introduction of single-spin qubits, such as ni-
trogen vacancy (NV) centers in diamond [10], as nanoscale
probes of correlated materials enables new pathways to access
the physics of magnetic insulators. Optical initialization and
read-out capabilities of their spin states, precise manipulations
by resonant microwave pulses, efficient coupling to local
magnetic fields, and excellent spatial resolution, make spin
probes an ideal tool to probe both statics and dynamics of
magnetic systems. Since the Zeeman splitting of the spin qubit
can be measured optically with great accuracy, spin probes can
be used to image local magnetic textures, even those induced
by a single spin [11]. Furthermore, the spin relaxation time
induced by intrinsic fluctuations in a material can be used to
probe charge and spin dynamics. For instance, the relaxation

time can be used as a diagnostic of different regimes of
electronic transport, ranging from ballistic to diffusive to hy-
drodynamic [12], spin-charge separation in one-dimensional
systems [13], and magnetic monopoles in spin-ice materials
[14]. In metallic states, noise is dominated by transverse
fluctuations of charge currents, provided the system is not
extremely localized [12]. However, in an insulator with a large
gap to charged excitations, the magnetic noise is dominated by
spin fluctuations. Thus spin qubits can serve as a novel probe
to distinguish between different competing ground states in
insulating materials.

In the present work, we find the characteristic signatures
of the underlying magnetic ground state on the spin qubit
relaxation time. By tuning experimental parameters, we show
how such signatures can be exploited to diagnose ground
states. The timescale for the relaxation of a spin qubit with
level splitting ω depends on the magnetic noise spectrum of
an insulator, which in turn is related to the spin-spin (retarded)
correlation function

Cαβ (i, j,ω) = −i

∫ ∞

0
dteiωt

〈[
Sα

i (t ), Sβ
j (0)

]〉
, (1)

where 〈· · · 〉 is a short-hand notation for ensemble average.
In magnetically ordered states, Cαβ is dominated by gap-
less single-particle collective modes called spin waves, or
magnons, which are the S = 1 Goldstone bosons of the
spontaneously broken spin-rotation symmetry, see Figs. 1(a)
and 1(b). In quantum spin liquid (QSL) phases, the exci-
tations carry fractional quantum numbers corresponding to
the global symmetries of the Hamiltonian. For example, the
spin-carrying excitations are S = 1/2 spinons, each of which
may be understood as “half a magnon.” While these can be
created only in pairs by local operators, they can propagate
as independent collective modes and therefore lead to a broad
two-particle continuum in the dynamic spin structure factor,
see Fig. 1(c). This is distinct from the sharp peak that is seen
for single particle excitations such as magnons. Finally, in
a clean valence bond solid (VBS) state, the excitations are
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Quantum sensing

Studied noise magnetometry with NV-centers as example quantum sensor

What we did not discuss:

NV-centers for sensing coherent (not fluctuating) static and
time-varying B-fields1

More broadly: Use of quantum coherence (superposition) to make
measurements. Use of entanglement to improve sensitivity and
precisions of measurements.2

1Casola, van der Sar, and Yacoby, Probing condensed matter physics with
magnetometry based on NV centers in diamond (2018)

2Degen, Reinhard, Cappellaro, Quantum sensing (2017)
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