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Abstract

Introduction The precise detection and imaging of magnetic fields is an important
topic in biology, material science, medicine, geology and physics. Recently many
applications have been developed for material, biology and physical science[1]. The
sensitivity, spatial resolution and stabilitiy of magnetometry has improved greatly
through these developments. Direct observation of spin structures with atomic-scale
resolution has been developed with spin polarized scanning tunneling microscopy
(SP-STM) and magnetic exchange force microscopy (MExFM)[2]. Furthermore the
detection of a single electronic spin[3] and ensemble of nuclear spins[4, 5] has been
realized through magnetic resonance force microscopy (MRFM). Another system
SQUID, with better sensitivity but worse spatial resolution, has demonstrated scanning
magnetometry[6, 7]. To meet the request to improve sensitivity and spatial resolution
simutaneously, a spin microscope system based on fluorescence of a single-atom
excited center was proposed by Chernobrod and Berman[8]. As well as this, a
review by Budker and Romalis[9], they studied quantum coherence and found it
plays an important role in optical magetometry. Thus nitrogen vacancy (NV) center
in diamond emerged as a state-of-art candidate for spin microscope system[8]. The
NV center can be located precisely[10], has beneficial optical properties[10], and long
coherence time[11]. NV magnetometry has been also developed these years in different
aspects, such as material[12–14] , biology[15–20] and physics[21–26] .

Thesis outline In this thesis, we have developed a NV magnetometry sensor
and demonstrated nanoscale NMR with single nuclear spin sensitivity[27]. In chapter
1, we introduce the basic physics and essential properties of NV center in diamond.
Theoretical description of AC field sensing and electron/nuclear spin sensing by NV
magnetometry is then summarized. And its applications in material, biology and
physics is introduced. In chapter 2, the multi-pass protocols is investigated to enhance
sensitivity and it is demonstrated that the high-order dynamical decoupling pulse
sequence can be implemented in magnetometry. And the pulse sequence is then
optimized. In chapter 3, a series of periodical dynamical decoupling pulse sequences
in single and double transition are compared. The anomalous decoherence effect
produced by 13C nuclear spin ensemble in 1.1% 13C natural abundance high-purity
diamond is observed. Then the anomalous decoherence effect is found useful in
controlling of weakly coupled nuclear spin ensemble. In chapter 4, we study nuclear
magnetic resonance spectroscopy in the strong coupling regime. The sensitivity is
enhanced by square root of the number of nuclear spins compared by microscope
statistical fluctuation. Nuclear magnetic resonance spectroscopy of four 29Si nuclear
spins is performed. We exploit the field gradient created by the diamond atomic
sensor, in concert with compressed sensing, to realize imaging protocols, enabling
individual nuclei to be located with angstrom precision. The achieved signal-to-noise
ratio under ambient conditions allows single nuclear spin sensitivity to be achieved
within seconds. In chapter 5, we try to improve the spectral linewidth using correlation
spectroscopy. The spectral linewidth is narrower compared with dynamical decoupling
protocols. In chapter 6, we sense and characterize the interactions between a single
13C-13C nuclear spin dimer located about 1nm from the NV center. From the measured
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interaction we derive the spatial configuration of the dimer with atomic-scale resolution.
These results indicate that, in combination with advanced material-surface engineering,
central spin decoherence under dynamical decoupling control may be a useful probe
for nuclear magnetic resonance single-molecule structure analysis.
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Chapter 1

Introduction

NMR spectroscopy is a well-known and powerful method to non-destructively obtain

information on molecular structure, including for large proteins[28]. Magnetic resonance

imaging combines NMR with magnetic gradients to form direct images of objects.

Recently, magnetic resonance force microscopy[4, 5] and diamond based magnetometers[29–

31] have been able to demonstrate NMR on nanoscale ensembles of nuclear spins,

improving sensitivity by orders of magnitude compared with the best inductive readout[32].

Furthermore, single nuclear spin sensitivity detection[27] and single-proton spin detection[33]

has been recently achieved.

1.1 NV center

In this work the magnetometry sensor is an optical defect located inside the diamond.

The diamond lattice consists of covalently bonded carbon atoms. Each of the four

valence electrons of the sp3-hybridized carbon participates in bonds to neighboring

atoms (distance 1.44Å). The diamond unit cell is in the Fd3̄m space group, which

follows the face-centered cubic bravais lattice(lattice constant 3.57Å, see Fig1-1(left,

middle)). The NV color center is a point defect in the diamond lattice, consisting

of a nearest-neighbor pair of a nitrogen atom substituted for a carbon atom, and a

lattice vacancy. In the NV− center, six electrons occupy the dangling bonds of the

vacancy complex, the resultant defect has C3v point symmetry[34, 35].
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Figure 1-1: The diamond lattice and NV(nitrogen-vacancy) color center.
Diamond unit cell with an NV color center. Gray balls are carbon atoms, purple ball
marked by "N" is substitutional nitrogen atom, light gray ball marked with "V" is
vacancy.

NV center generation

Single NV centers can be usually found in any natural, CVD and HPHT diamond

sample because nitrogen is a major impurity in diamond. But in ultrahigh purity

diamond samples, single NV might be hardly found. One of the methods to increase

the density of NV in diamond is high energy electron irradiation. A homogeneous

density of vacancies can be created over several 𝜇m depth. These vacancies will

migrate around nitrogen atoms at temperature above 700∘C[36] by annealing for

several hours. The second method is ion implantation. The ion implanted will create

vacancies locally after annealing[37, 38]. The depth of these implanted NVs range

from ∼ 𝜇m to ∼nm depending on the implantation energy from ∼MeV to ∼keV

respectively. Another method to create NV can be done by 𝛿-doped diamond[31, 39,

40]. A thin layer of nitrogen-doped NV is created by the introduced of N2 gas during

plasma-enhanced chemical vapor deposition (PE-CVD) of single-crystal diamond[39].

Confocal setup and basic measurements.

The ground and excited electron states are spin triplets(S=1) with an optical transition

between 3A2 and 3E with a zero-phonon line at 1.945eV. A singlet metastable state
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introduce a non-radiative intersystem crossing (ISC)[41, 42] between singlet 1E state

and triplet 3E 𝑚𝑠 = ±1 state (gray arrows in Fig1-1(right)). As it turns out the ISC

is strongly spin state dependent[34, 43, 44], leading to an important optical property

of NV center, i.e. the NV center spin state can be polarized and readout optically.

In fig.1-2(a), a 532nm laser is applied through an acousto-optical modulator

(AOM). The laser pulse sequence is controlled by a TTL pulse series from a digital

timing generator (DTG). Some other wavelength lasers (e.g.593nm) can be combined

by a beam splitter or dichroic mirror before the photonic crystal fiber (PCF). A

confocal microscope system is built to detect NV centers. The excitation laser is

reflected by a dichroic mirror, sent into a microscope objective, and focused onto

a spot inside diamond sample. The objective is placed at the position of a color

center by a 3D piezo scanner with nm precision for position control. The color

center will be excited and the fluorescence emitted is partly collected by the same

objective. The fluorescence is then focused through a pinhole. The confocal spatial

resolution is about 300nm laterally and 1𝜇m axially. The fluorescence light is then

filtered by a long pass filter to block the excitation laser. Finally the fluorescence

photons are detected by a avalanche photo diodes (APD). The confocal image of

a lateral scan inside diamond sample showing many NV centers (can be seen in

fig.1-2b). The MW and RF is switched on and off with a PIN switch controlled by

the DTG and then amplified by MW or RF amplifier. The MW and RF signals are

feed through a copper wire or a micro coplanar waveguide structure. In fig.1-2c an

optically detected magnetic resonance (ODMR) spectrum under 500 Gauss magnetic

field oriented parallel to the NV axis. The left and right part of spectrum correspond

to the electron spin transition 𝑚𝑠 = 0 ↔ ±1 with three peaks corresponding to the
14N hyperfine splitting. Fig.1-2d shows Rabi oscillations of a single NV spin. The

maximum and minimum fluorescence correspond to 𝑚𝑠 = 0 and 𝑚𝑠 = ±1 quantum

states. As shown in fig.1-2e, fluorescence always drops from highest for 𝑚𝑠 = 0 state

(red curve) or grows for 𝑚𝑠 = 1 to steady state (black curve). The fluorescence before

steady state will be collected to determine the initial state.
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Spin Hamiltonian

The NV system is described by the Hamiltonian as:

𝐻NV = D𝑆2
𝑧 − 𝛾𝑒B · S + I𝑁 ·

←→
A · S + ∆𝑁(𝐼𝑧𝑁)2 + 𝛾𝑛B · I𝑁 (1.1)

here D is the crystal field splitting along [111] axis which equals to 2.87GHz,
←→
A is

the coupling strength with the nearby 14N or 15N nuclear spin, the hyperfine coupling

between the NV center and the nearby nitrogen atom are about 2.2MHz (14N) or

3.1MHz (15N), ∆𝑁 = 4.95MHz is quadrupolar coupling of 14N and it equals to 0

for 15N. The external magnetic field leads to Zeeman splitting term in equ.1.1 of NV

electron spin 𝛾𝑒B·S, and nitrogen nuclear spin 𝛾𝑁B·I𝑁 , where 𝛾𝑒 = 2.803MHz/Gauss

for the NV electron spin, 𝛾𝑁 = 0.30766kHz/Gauss for 14N and 𝛾𝑁 = 0.43156kHz/Gauss

for 15N.

There are 13C nuclear spins (natural abundance is 1.1%) inside diamond. The

bare Hamiltonian of 13C 𝐻B and its hyperfine interaction 𝐻ec with NV electron spin

is:

𝐻B = −
∑︁
𝑗

𝛾𝑐𝐵𝐼
𝑧
𝑗 +

∑︁
𝑖>𝑗

𝜇0

4𝜋

𝛾2𝑐
𝑅3

𝑖𝑗

[︂
I𝑖 · I𝑗 −

3 (I𝑖 ·R𝑖𝑗) (R𝑖𝑗 · I𝑗)
𝑅2

𝑖𝑗

]︂
(1.2)

=
∑︁
𝑖

𝜔𝐼𝑧𝑖 +
∑︁
𝑖,𝑗

I𝑖 ·
←→
D 𝑖𝑗 · I𝑗 (1.3)

where 𝛾𝑐 = 1.0705MHz/Gauss, the second term corresponds to anisotropic dipole-dipole

interaction between nuclear spins.

𝐻ec =
∑︁
𝑗

𝑎𝑖𝑠𝑜𝑗 S · I + +
∑︁
𝑖

𝜇0

4𝜋

𝛾𝑐𝛾𝑒
𝑅3

𝑖

[︂
I𝑖 · S−

3 (I𝑖 ·R𝑖) (R𝑖 · S)

𝑅2
𝑖

]︂
(1.4)

where interaction strength 𝑎𝑖𝑠𝑜𝑗 depending on the electron spin density at the location

of the nucleus, the second term corresponds to anisotropic dipole-dipole interaction

for point dipole approximation between NV spin and nuclear spins.
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1.2 Magnetic field magnetometry with NV center

d.c. magnetic field a.c. magnetic field
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Figure 1-3: Protocols to measure DC and AC magnetic field. a, Ramsey-type
sequence applied to detect d.c. magnetic field. b, Hahn-echo sequence applied to
detect a.c. magnetic field. c, signal 𝑆 versus magnetic field 𝐵

Nanoscale weak magnetic fields detection is an outstanding problem in the fields of

biology and physics[3, 9, 45–47] . With minimum detectable magnetic field as small

as few nanoteslas after one second of measurement time, it is possible to detect a

single proton within nanometers. The principal challenge to achieve such sensitivity

is limited by decoherence time.

A Ramsey-type sequence can be applied to detect a Zeeman shift caused by

external magnetic field B, as shown in fig.1-3a. A half 𝜋 pulse creates quantum

superposition state of |0⟩ and |1⟩. The superposition state 1√
2
(|0⟩+|1⟩) will accumulate

a phase 𝜑 = (𝑔𝜇𝐵/~)𝐵𝜏 during the free evolution time 𝜏 (here 𝐵 is external magnetic

field, 𝑔 is gyromagnetic ratio of spin, 𝜇𝐵 is Bohr magneton). After the second

half 𝜋 pulse, the population left on |0⟩ state is 𝑆 = (1 + cos(2𝜑(𝐵)))/2. In every

measurement, deviation 𝜎𝑆 ∼ 1/
√
𝜂dc occurs due to quantum projection noise and
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photon shot noise, where c is contrast of Ramsey measurement and 𝜂d is collection

efficiency about 2-3%[48]). The minimum detectable magnetic field of NV magnetometer

is 𝛿𝐵min = 𝜎𝑁
𝑆 /d𝑆 (shown in fig.1-3c), where 𝜎𝑁

𝑆 = 𝜎𝑆/
√
𝑁 is the standard deviation

of measurement after 𝑁 times average, d𝑆 ∼ 𝑔𝜇𝐵𝜏 is the slope of the signal 𝑆

versus magnetic field 𝐵 and 𝑁 = 𝑇/𝜏 is the measurement times during the total

measurement time 𝑇 . Thus the minimum detectable d.c. magnetic field scales

according to

𝛿𝐵d.c. ≈
~

𝑔𝑒𝜇𝐵𝐶
√︀
𝑇 *
2 𝑇

(1.5)

where 𝑇 *
2 is dephasing time which limits the detection time 𝜏 and 𝐶 =

√
𝜂dc. And

magnetic field sensitivity of d.c. magnetic field is[49]:

𝜂d.c. ≈
~

𝑔𝑒𝜇𝐵𝐶
√︀
𝑇 *
2

(1.6)

And a.c. magnetic field 𝐵AC(𝑡) = 𝑏 sin(𝜈𝑡) can be measured by matching the

sequence 𝜋/2 − 𝜏/2 − 𝜋 − 𝜏/2 − 𝜋/2 with the a.c. oscillating frequency(fig.1-3b).

The Hahn echo sequence removes the slow environment noise at the same time. The

phase accumulated during the free evolution time is 𝜑 =
∫︀ 0

𝜏/2
(𝑔𝑒𝜇𝐵/~)𝐵AC(𝑡)d𝑡 −∫︀ 𝜏/2

𝜏
(𝑔𝑒𝜇𝐵/~)𝐵AC(𝑡)d𝑡 = 2

∫︀ 0

𝜏/2
(𝑔𝑒𝜇𝐵/~)𝐵AC(𝑡)d𝑡 = 2𝑏𝜏/𝜋, where during the second

𝜏/2 free evolution time the spin flips. Sensitivity of a.c. magnetic field is[49]:

𝜂a.c. ≈
𝜋~

2𝑔𝑒𝜇𝐵𝐶
√
𝑇2

(1.7)

The sensitivity of a.c. magnetic field can be improve furthermore by higher

order dynamical decoupling sequence (see in fig.1-4) by extending decoherence time.

The magnetometer sensitivity achieved was 0.5 ± 0.1𝜇THz−1/2 in ref.[50] and even

4𝑛THz−1/2 in ref.[11].

Magnetic noise and noise spectrum

As mentioned in equ.1.7, decoherence time is very critical to sensitivity of NV magnetometry.

Characterizing environmental noise enables the optimal coherent control protocol to
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Figure 1-4: Dynamical decoupling microwave pulse sequence used for
observing AC magnetic field. 𝐵AC(t). A 𝜋/2 microwave pulse creates a coherent
superposition quantum state 1√

2
(|0⟩+ |1⟩) after the quantum state polarized to |0⟩

by 532nm laser. Then a series of 𝜋 microwave pulse whose period matched with
half of the period of AC magnetic field 𝐵AC(t) is applied to NV center. DC field is
eliminated while phase 𝜑 = 𝑛

∫︀ 𝑡𝑛
𝑡𝑛−1

𝑔𝑒𝜇𝐵𝐵AC(𝑡)d𝑡 during the free evolution intervals
between 𝜋 pulse is accumulated, while n is number of 𝜋 pulses, 𝑡𝑛−1,𝑡𝑛 are time of a
𝜋 pulse, and time of the next pulse. A 𝜋/2 microwave pulse afterwards will flip the
final state |𝜓⟩ = 1√

2

(︀
|0⟩+ e−i𝜑|1⟩

)︀
to |𝜓after𝜋/2⟩ = 1√

2
(cos(𝜑)|0⟩+ i sin(𝜑)|1⟩).

be employed in order to elongate coherence[51]. In ref.[52], the spin environment of

NV colour centers in bulk diamond was experimentally characterized. The spectral

decomposition technique was applied to study the NV center spectral noise. The NV

center spin is coupled to its magnetic environment ( for example, electron spin from

nitrogen impurity, 13C nuclear spin bath and magnetic noise on diamond surface).

Decoherence is caused by coupling between the NV center spin and its magnetic

environment. Thus coherence is given by[53] 𝐶(𝑡) = e−𝜒(𝑡), where 𝜒(𝑡) is time

evolution decoherence process. A series of periodical MW (microwave) 𝜋 pulses are

applied to NV center and the modulation can be described as a filter function in

frequency domain as:

𝐹 (𝜔𝜏) = 8 sin4(
𝜔𝜏

4
) sin2(

𝜔𝐾𝜏

2
)/ cos2(

𝜔𝜏

2
) (1.8)

Time evolution decoherence process is given by[54, 55]:

𝜒(𝜏) = 𝛾2𝑁𝑉

∫︁ ∞

0

d𝜔
𝜋
𝑆(𝜔)

𝐹 (𝜔𝜏)

𝜔2
(1.9)

26



where 𝑆(𝜔) is the spectral noise function. With filter function in equ.1.8, when high

order dynamical decoupling is applied, the filter function can be approximated as

𝐹𝑡(𝜔)/(𝜔2𝑡) = 𝛿(𝜔−𝜔0), and therefore 𝜒(𝑡) can be determined as 𝜒(𝑡) = 𝑡𝑆(𝜔0)/𝜋[53].

The magnetic noise spectrum at frequency 𝜔0 can be extracted as[53]:

𝑆(𝜔0) = −𝜋 ln(𝐶(𝑡))/𝑡 (1.10)

Spectral decomposition of magnetic noise can be realized by scanning 𝜔0 to obtain a

complete spectrum.

In ref.[53], the noise spectrum of NV centers deep inside diamond, 12C purified

sample with 0.01% 13C, Apollo sample( a CVD diamond with thin N-doped layer

with natural 13C concentration and high 𝑁 concentration ∼100 p.p.m.) and type

Ib HPHT sample with natural 13C concentration ∼50p.p.m. N concentration are

all characterized. And in ref.[56], magnetic noise spectrum of shallow ( 2 - 4nm)

implanted NV centers in very clean diamond sample ( 13C<10−3%, N<5ppb ) is

studied. Through changing surface coating, magnetic field and temperature, the

surface-induced noise is consistent with an electronic spin bath which undergoes slow

spin-spin dynamics, along with fast phonon-induced dynamics[56]. With measurement

of spin relaxation time (𝑇1, 𝑇1𝜌, 𝑇2), the density of surface spin is estimated to be

0.01-0.1𝜇𝐵/nm2 and 0.04𝜇𝐵/nm2 in ref.[57] and ref.[40] respectively.

Scanning magnetometry with NV center

Besides magnetometry of magnetic fields, magnetic resonance imaging (MRI) is a

powerful method in biology and medicine, allowing nondestructive imaging of live

biological objects with high resolution. The schematic of scanning NV magnetometry

is shown in fig.1-5. Ref.[58] shows how optically detected magnetic resonance can

be used to determine the position of a spin. A dark fluorescence ring corresponding

to a resonant magnetic field can be observed in a two-dimensional scan. The 5nm

ring width can show the ultimate resolution limit of such scanning NV magnetometry

method. Furthermore, through strong and stable scanning-magnetic-field gradient,
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Figure 1-5: The schematic of scanning NV magnetometry. The schematic of
scanning NV magnetometry combined with AFM and a confocal microscope. The
AFM tip is attached by a nanocrystal diamond with a single NV center inside or
made of diamond. Microwave pulse sequence is applied with a MW antenna.

NV based scanning magnetic resonance imaging (MRI) can achieve nanometer resolution[21],

nearly two orders of magnitude improvement in spatial resolution compared with

conventional confocal optical diffraction limit. In ref.[22], other than scanning DC

magnetometry, scanning AC magnetometry was realized. AC magnetic field with the

same frequency as a tuning fork which operates in a transverse oscillation mode is

observed and imaged. With improvement in diamond fabrication, NV center can be

attached to AFM tip used as scanning sensor. In ref.[23] and ref.[24] scanning DC

magnetometry achieved sensitivity of 6𝜇THz−1/2 and 10𝜇THz−1/2 respectively, and in

ref.[23] scanning AC magnetometry achieve sensitivity 56nTHz−1/2 with Hahn-echo

sequence. Using high order dynamical decoupling sequence, a single NV center can

also be imaged[25]. In ref.[25], scanning NV magnetometry with a SNR of 4.3 was

achieved within 42min, which is more than 15-fold reduction compared with MRFM

method[3]. Apart from imaging of NV centers, NV centers, dark electron spin can also

be observed by scanning NV magnetometry in ref.[26]. The 3-D spatial configuration

of electron spins on the diamond surface is imaged with unprecedented resolution:

0.8nm laterally and 1.5nm vertically[26].
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1.3 Nanoscale NMR with NV center
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Figure 1-6: Schematic of the set-up and experimental method. a,We measured
the spin coherence of a nitrogen-vacancy sensor coupled to a 13C-13C dimer. The
external d.c. magnetic field was applied by a movable electromagnet and microwaves
were carried by a coplanar wire. b, Energy level scheme of the nitrogenĺCvacancy
centre. The zero-field splitting value 𝐷 is 2,870 MHz. The eigenvalue of state |𝑚𝑠 =
−1⟩ (|𝑚𝑠 = +1⟩), shown by the red (black) line, is linearly dependent on the external
magnetic field B0. We encoded the quantum transition |0⟩ ↔ | − 1⟩ (or |0⟩ ↔ |+ 1⟩)
as a qubit and manipulated it by resonant microwave pulses. c, The pulse sequences
contained two green laser beam pulses for initialization and readout of the electron
spin state with CPMG microwave pulses in between to control the spin. Microwave
pulses 𝜋𝑥/2 shown in red are the initial and readout 90∘ pulses about the 𝑥 axis, and
𝜋𝑦 pulses are 180∘ refocusing operations along the y axis.

In 2011, the theoretical possibility for atomic-scale NV magnetometry of nuclear

spin clusters inside and outside diamond was proposed (ref.[59]). In 2012 distant

single nuclear spins inside diamond were detected[60–62] by dynamical decoupling

methods. And in 2013, another method to detect single nuclear spin demonstrated[63]

by continuous microwave Hartmann-Hahn method. Based on these two methods

respectively, ref.[64, 65] proposed a single molecule NMR scheme by NV magnetometry
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aimed in applications in single-molecule spectroscopy in chemistry and biology. Equipped

with shallow NV created through ion implantation[66] and 𝛿-doped CVD technology[31],

NV magnetometry can be applied to external nuclear spins. Nanoscale nuclear

magnetic resonance was demonstrated in ref.[29, 30], and a detection volume of

(5nm)3 was achieved, which corresponded to 104 nuclear spins[29], and (24nm)3, 106

nuclear spins in ref.[30]. And detection volume was decreased to (2.3nm)3, 700 proton

spins[67] by using even shallower implantation. In ref.[27, 33] single nuclear spin

sensitivity NMR of silicon 29 nuclear spin and detection of single proton spin[33] was

demonstrated respectively. It is an important step toward diamond-based nano-MRI.

Scanning NV magnetometry was also applied to nanoscale NMR in ref.[68–70].

1.4 Biological and other applications of magnetometry

with NV center

One of the interesting applications of diamond magnetometry is observation of biological

objects. Diamond has already been used to observe a simulated neural network

component[16], and to measure magnetic noise in living cell[15]. Magnetic imaging

of living cells under ambient laboratory conditions and with sub-cellular spatial

resolution was performed[17]. 𝑇1 imaging was applied to detect atomic spin labels

in a lipid bilayer[18], metallo-protein molecules[19] and widefield magnetometry with

microfluidic detection[20] as well as a stained cell.

Another interesting application of diamond magnetometry is the observation of

magnetic phenomena of magnetic materials. With an attached NV sensor on a

thin-layer yttrium barium copper oxide (YBCO) superconductor microchip, a phase

transition in the layer was measured to be 70.0(2)K and the penetration field of

vortices was measured to be 46(4)Gauss[13]. Pinning of the vortices in the microchip

was observed at 65K and their density after cooling was estimated to be 0.45(1)𝜇𝑚−2

in a ∼ 10 Gauss field. In another report[12] a three-dimensional, vectorial and

quantitative measurement of stray magnetic field emitted by a vortex in a ferromagnetic

30



square dot was demonstrated in a thin square of Fe20Ni80. The observations show the

perfect agreements between experiments and micromagnetic simulations. Furthermore

control of domain walls in a 1.5-𝜇m-wide Ta/CoFeB(1 nm)/MgO ferromagnetic nanowire[14]

was realized to show the ability to directly measure weak magnetic fields with a

nanoscale resolution, allowing study of nano-magnetic-objects. Domain-wall is imaged

on the 1 nm ferromagnetic nanowire and Barkhausen junps are observed between two

pinning sites. In ref.[14], in situ laser control of Barkhausen was demonstrated.
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Chapter 2

Enhanced single spin magnetometery

by multi-pass quantum metrology

protocol

2.1 Introduction

Quantum metrology promises higher sensitivity than conventional technologies, with

many previous studies focusing on the use of entangled states [71–75]. However,

entanglement-based quantum metrology requires sophisticated schemes for entanglement

preparation and protection. Along a different route to quantum metrology that does

not need entanglement, the so-called "multi-pass" protocols have been proposed for

coordinate system alignment [76], clock synchronization [77] and phase estimation

[78]. In a remarkable experiment by Higgins et al. [79], a phase shift operation was

applied to a single photon multiple times (instead of applying one single phase shift

to a few entangled photons), and the Heisenberg limit of phase measurement was

reached.

One important issue in quantum metrology is to decouple the involved quantum

system from its environment. Without such decoupling, decoherence might rapidly

set in and then limit the precision of quantum metrology [80, 81]. In this chapter,
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we show that the dynamical decoupling (DD) technique, which is an efficient method

to actively overcome decoherence effects [82–86], can be implemented in a quantum

metrology protocol and then considerably improve the performance of quantum metrology.

Because protecting quantum entanglement by DD is more demanding than protecting

the state of a single quantum system [87–90], in this work we consider an entanglement-free

multi-pass protocol synthesized with DD. Our experimental results have clearly demonstrated

that DD can improve the precision of quantum metrology performed in a noisy

environment.

2.2 Phase estimation protocol of AA phase
Xing Rong et al.

Fig. 1: (Color online) (a) Quantum circuit based on a standard
interferometer with two Hadamard (H) gates and controlled-U
operations. (b) Geometric path of the qubit state shown on
the Bloch sphere as a result of one U operation, with a solid
angle Ω= 2(π−φ). (c) Pulse sequence to realize a multi-pass
protocol. The π/2 pulses realize pseudo-H gates. The π pulses
manipulate the qubit state along the geometric path shown in
(b). (d) Electron spin states in the NV center. States |0〉 and
| − 1〉 form states of a qubit and |+1〉 is used as an auxiliary
state for state detection. Two MW pulses, denoted MW1 and
MW2, drive the transitions |0〉↔ |± 1〉. The nuclear spin state
is explained in the text, with δ representing the splitting due
to the hyperfine splitting.

state for phase estimation. Analogous level schemes were
used in the observation of AA phase in nuclear-magnetic-
resonance interferometry [23,24]. Two coherent microwave
π pulses are exploited to drive the cyclic transitions from
|0〉 to | − 1〉. More specifically, our experiment was carried
out with a home-built confocal microscope operated at
room temperature. Type IIa bulk diamond with nitrogen
abundance less than 5 ppb is used. Individual NV centers
were addressed by a confocal microscopy mounted on
a piezoelectric scanner. A Hanbury-Brown-Twiss setup
with two single-photon detectors ensures that the NV
center under study involves one single-electron spin only
(data not shown). A copper wire of diameter 20µm is
used to drive the electron spin by MW pulses. A small
external static magnetic field was applied to lift the
degeneracy between | − 1〉 and |+1〉. The continuous
magnetic resonance spectra are reported in fig. 2(a). Three
peaks are due to the hyperfine coupling of the electron spin
with the neighboring nitrogen nuclear spin. Note also that
the frequencies of our MW pulses are carefully chosen,
such that the nitrogen nuclear spin stays in the |mI = 0〉
state as the electron spin makes transitions |0〉↔ |± 1〉.
The typical π pulse width is 0.9µs.
With a procedure similar to that in ref. [23], we first

examine the generation and measurement of γg,1 with
N = 1. As depicted in fig. 2(b), the electron spin was
first initialized to |0〉 by a laser pump pulse (wavelength

Fig. 2: (Color online) (a), (b) Optically detected magnetic reso-
nance spectra of a single NV center under a 5G magnetic
field along [111]. The three peaks in both panels are due to
the hyperfine splitting. Arrows indicate the central frequen-
cies of our MW pulses. (c) Pulse sequence for the genera-
tion and detection of the AA phase. Ch1 and Ch2 present
two MW1 pulses with a phase shift φ. Ch3 (Ch4) presents
a MW2 pulse along the X (Y ) axis. Laser pulses of wavelength
532 nm (green) are used for initialization and detection. The
π/2 pulses serve as a pseudo-H gate. The π pulse on Ch4 is
a refocusing pulse. The pulse on Ch3 with varying duration τ
generates nutation signals. (d) Nutation signals (from fluores-
cence intensity) with two values of φ to illustrate how the AA
phase is read out, with data fitted by a sine function. (e) The
measured AA phase (triangles) compared with the theoretical
value γg,1 = π−φ (solid line).

532 nm) of duration 10µs. Then a π/2 pulse transforms
the state to the superposition state (|0〉+ |1〉)/√2. The
electron spin is then subject to a controlled-U operation,
i.e., a geometric route via two MW π pulses. The φ
difference between the two π pulses was realized by a
phase shifter and later verified by a LeCroy oscilloscope.
After this geometrical state manipulation the state evolves
to [exp (−iγg,1− iγd)|0〉+ |1〉]/

√
2, where γg,1 = (π−φ) is

the AA phase and γd represents a dynamical phase. A π
pulse in channel 4 is then applied to refocus the coherence,
thus canceling the dynamical phase. This is followed by
a π/2 pulse that transforms the coherence to population
properties. To read out γg,1, an additional pulse on channel
3 along the X-axis phase and a varying duration τ was
applied on the electron spin, yielding a nutation signal I ∼
cos(2πωτ − γg,1) for sufficiently small τ (ω is determined

60005-p2

Figure 2-1: Quantum circuit and sequence of experiment. a, Quantum circuit
based on a standard interferometer with two Hadamard (H) gates and controlled-U
operations. b, Geometric path of the qubit state shown on the Bloch sphere as a
result of one U operation, with a solid angle Ω = 2(𝜋 = 𝜑). c, Pulse sequence to
realize a multi-pass protocol. The 𝜋/2 pulses realize pseudo-H gates. The 𝜋 pulses
manipulate the qubit state along the geometric path shown in b. d, Electron spin
states in the NV center. States |0⟩ and | − 1⟩ form states of a qubit and |+ 1⟩ is used
as an auxiliary state for state detection. Two MW pulses, denoted MW1 and MW2,
drive the transitions |0⟩ ↔ | ± 1⟩. The nuclear spin state is explained in the text,
with 𝛿 representing the splitting due to the hyperfine splitting.

The task here is to estimate an unknown phase 𝜑 via an interferometer as a basic

device for high-precision measurement. In particular, two single-qubit 𝜋 pulses, whose
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rotational axes in the 𝑥 − 𝑦 plane of the Bloch sphere have an unknown angular

difference 𝜑, comprise a controlled-U operation. We apply this U operation to a

qubit 𝑁 times to realize a multi-pass protocol. The associated quantum circuit is

schematically shown in fig.2-1a. The input state |0⟩ is transformed to a superposition

state (|0⟩+ |1⟩) /
√

2 by the first Hadamard (H) gate. The superposition state then

picks up an additional relative phase induced by 𝑈𝑁 , and is finally transformed back

to state |0⟩ by the second H gate. Figure2-1b illustrates the evolution of the qubit on

the Bloch sphere due to one single U operation. Because each U operation induces

a cyclic evolution, it yields a geometric phase of Ω/2 = 𝜋 − 𝜑[91, 92, 92], which is

also known as the Aharonov-Anandan (AA) phase[93]. N applications of U will then

generate a total AA phase 𝛾𝑔,𝑁 = 𝑁(𝜋 − 𝜑). This total AA phase can be measured

by the interferometer, as such 𝜑 can be measured by the interferometer as well. This

metrology mechanism indicates that in the ideal case, the uncertainty in estimating

𝜑, denoted by ∆𝜑, scales as 1/𝑁 .

In our experiment, we use the 𝑆 = 1 electron spin of a nitrogen-vacancy defect

(NV) center in diamond to realize the above-described interferometer. The ground

states of the electron spin are shown in fig.2-1d. Two energy levels |0⟩ and | − 1⟩ are

used to encode qubit states and the third level | + 1⟩ is taken as an auxiliary state

for phase estimation. Analogous level schemes were used in the observation of AA

phase in nuclear-magnetic-resonance interferometry [94, 95]. Two coherent microwave

pulses are exploited to drive the cyclic transitions from |0⟩ to |−1⟩. More specifically,

our experiment was carried out with a home-built confocal microscope operated at

room temperature. Type IIa bulk diamond with nitrogen abundance less than 5 ppb

is used. Individual NV centers were addressed by a confocal microscopy mounted

on a piezoelectric scanner. A Hanbury-Brown-Twiss setup with two single-photon

detectors ensures that the NV center under study involves one single-electron spin

only. A copper wire of diameter 20 𝜇m is used to drive the electron spin by MW

pulses. A small external static magnetic field was applied to lift the degeneracy

between |−1⟩ and |+ 1⟩. The continuous magnetic resonance spectra are reported in

fig.2-2a. Three peaks are due to the hyperfine coupling of the electron spin with the
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Fig. 1: (Color online) (a) Quantum circuit based on a standard
interferometer with two Hadamard (H) gates and controlled-U
operations. (b) Geometric path of the qubit state shown on
the Bloch sphere as a result of one U operation, with a solid
angle Ω= 2(π−φ). (c) Pulse sequence to realize a multi-pass
protocol. The π/2 pulses realize pseudo-H gates. The π pulses
manipulate the qubit state along the geometric path shown in
(b). (d) Electron spin states in the NV center. States |0〉 and
| − 1〉 form states of a qubit and |+1〉 is used as an auxiliary
state for state detection. Two MW pulses, denoted MW1 and
MW2, drive the transitions |0〉↔ |± 1〉. The nuclear spin state
is explained in the text, with δ representing the splitting due
to the hyperfine splitting.

state for phase estimation. Analogous level schemes were
used in the observation of AA phase in nuclear-magnetic-
resonance interferometry [23,24]. Two coherent microwave
π pulses are exploited to drive the cyclic transitions from
|0〉 to | − 1〉. More specifically, our experiment was carried
out with a home-built confocal microscope operated at
room temperature. Type IIa bulk diamond with nitrogen
abundance less than 5 ppb is used. Individual NV centers
were addressed by a confocal microscopy mounted on
a piezoelectric scanner. A Hanbury-Brown-Twiss setup
with two single-photon detectors ensures that the NV
center under study involves one single-electron spin only
(data not shown). A copper wire of diameter 20µm is
used to drive the electron spin by MW pulses. A small
external static magnetic field was applied to lift the
degeneracy between | − 1〉 and |+1〉. The continuous
magnetic resonance spectra are reported in fig. 2(a). Three
peaks are due to the hyperfine coupling of the electron spin
with the neighboring nitrogen nuclear spin. Note also that
the frequencies of our MW pulses are carefully chosen,
such that the nitrogen nuclear spin stays in the |mI = 0〉
state as the electron spin makes transitions |0〉↔ |± 1〉.
The typical π pulse width is 0.9µs.
With a procedure similar to that in ref. [23], we first

examine the generation and measurement of γg,1 with
N = 1. As depicted in fig. 2(b), the electron spin was
first initialized to |0〉 by a laser pump pulse (wavelength

Fig. 2: (Color online) (a), (b) Optically detected magnetic reso-
nance spectra of a single NV center under a 5G magnetic
field along [111]. The three peaks in both panels are due to
the hyperfine splitting. Arrows indicate the central frequen-
cies of our MW pulses. (c) Pulse sequence for the genera-
tion and detection of the AA phase. Ch1 and Ch2 present
two MW1 pulses with a phase shift φ. Ch3 (Ch4) presents
a MW2 pulse along the X (Y ) axis. Laser pulses of wavelength
532 nm (green) are used for initialization and detection. The
π/2 pulses serve as a pseudo-H gate. The π pulse on Ch4 is
a refocusing pulse. The pulse on Ch3 with varying duration τ
generates nutation signals. (d) Nutation signals (from fluores-
cence intensity) with two values of φ to illustrate how the AA
phase is read out, with data fitted by a sine function. (e) The
measured AA phase (triangles) compared with the theoretical
value γg,1 = π−φ (solid line).

532 nm) of duration 10µs. Then a π/2 pulse transforms
the state to the superposition state (|0〉+ |1〉)/√2. The
electron spin is then subject to a controlled-U operation,
i.e., a geometric route via two MW π pulses. The φ
difference between the two π pulses was realized by a
phase shifter and later verified by a LeCroy oscilloscope.
After this geometrical state manipulation the state evolves
to [exp (−iγg,1− iγd)|0〉+ |1〉]/

√
2, where γg,1 = (π−φ) is

the AA phase and γd represents a dynamical phase. A π
pulse in channel 4 is then applied to refocus the coherence,
thus canceling the dynamical phase. This is followed by
a π/2 pulse that transforms the coherence to population
properties. To read out γg,1, an additional pulse on channel
3 along the X-axis phase and a varying duration τ was
applied on the electron spin, yielding a nutation signal I ∼
cos(2πωτ − γg,1) for sufficiently small τ (ω is determined

60005-p2

Figure 2-2: The measured AA phse. a, b, Optically detected magnetic resonance
spectra of a single NV center under a 5 Gauss magnetic field along [111]. The three
peaks in both panels are due to the hyperfine splitting. Arrows indicate the central
frequencies of our MW pulses. c, Pulse sequence for the generation and detection
of the AA phase. Ch1 and Ch2 present two MW1 pulses with a phase shift 𝜑. Ch3
(Ch4) presents a MW2 pulse along the 𝑋 (𝑌 ) axis. Laser pulses of wavelength
532 nm (green) are used for initialization and detection. The 𝜋/2 pulses serve as a
pseudo-H gate. The 𝜋 pulse on Ch4 is a refocusing pulse. The pulse on Ch3 with
varying duration 𝜏 generates nutation signals. d, Nutation signals (from fluorescence
intensity) with two values of 𝜑 to illustrate how the AA phase is read out, with data
fitted by a sine function. e, The measured AA phase (triangles) compared with the
theoretical value 𝛾𝑔,1 = 𝜋 − 𝜑 (solid line).
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neighboring nitrogen nuclear spin. Note also that the frequencies of our MW pulses

are carefully chosen, such that the nitrogen nuclear spin stays in the |𝑚𝐼 = 0⟩ state

as the electron spin makes transitions |0⟩ ↔ | ± 1⟩. The typical 𝜋 pulse width is 0.9

𝜇s.

With a procedure similar to that in ref.[94], we first examine the generation and

measurement of 𝛾𝑔,1 with 𝑁 = 1. As depicted in fig.2-2b, the electron spin was first

initialized to |0⟩ by a laser pump pulse (wavelength 532 nm) of duration 10𝜇s. Then a

𝜋/2 pulse transforms the state to the superposition state (|0⟩+ |1⟩) /
√

2. The electron

spin is then subject to a controlled-U operation, i.e., a geometric route via two MW

𝜋 pulses. The 𝜑 difference between the two 𝜋 pulses was realized by a phase shifter

and later verified by a LeCroy oscilloscope. After this geometrical state manipulation

the state evolves to [exp (−𝑖𝛾𝑔,1 − 𝑖𝛾𝑑)|0⟩+ |1⟩]/
√

2 , where 𝛾𝑔,1 = (𝜋 − 𝜑) is the AA

phase and 𝛾𝑑 represents a dynamical phase. A 𝜋 pulse in channel4 is then applied

to refocus the coherence, thus canceling the dynamical phase. This is followed by a

𝜋/2 pulse that transforms the coherence to population properties. To read out 𝛾𝑔,1,

an additional pulse on channel 3 along the 𝑋-axis phase and a varying duration 𝜏

was applied on the electron spin, yielding a nutation signal 𝐼 cos(2𝜋𝜔𝜏 − 𝛾𝑔,1) for

sufficiently small 𝜏 (𝜔 is determined by the strength of microwave pulses in Ch3).

The phase change of the oscillating nutation signal is then used to determine 𝛾𝑔,1 and

𝜑. For example, fig.2-2d depicts two nutation curves with 𝜑 = 0 and 𝜑 = 𝜋, clearly

exhibiting a 𝜋 phase shift between them. Figure 2-2e compares the 𝜑-dependence of

the measured 𝛾𝑔,1 with the theoretical curve 𝜋 − 𝜑. The agreement is excellent.

2.3 Muti-pass protocol

Next we consider a multi-pass protocol by repeating the controlled-U operation for

𝑁 > 1 times before readout. In the following we term this procedure as a "repetitive

phase estimation" (RPE) scheme. Such an RPE step amplifies the geometrical phase

factor by a factor of 𝑁 , i.e., from 𝛾𝑔,1 to 𝛾𝑔,𝑁 . Given the refocusing 𝜋 pulse in channel

4 that cancels the dynamical phase, an extra step is necessary to accumulate the
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Enhanced phase estimation by implementing dynamical decoupling etc.

Fig. 3: (Color online) (a) Measured γg,N vs. N , for four values
of φ. (b) Standard deviation ∆φ (in units of degree times
N1/2) vs. N for one value of φ achieved by our multi-pass
protocol (triangles) as compared with that in a single-pass
protocol (squares). Upper (lower) dashed lines represent 1/

√
N

(1/N) scaling. Dotted line represents a theoretical prediction
by eq. (2). The optimal value of Nopt that gives the lowest value
of ∆φ (0.8± 0.2◦) is labeled by an arrow.

by the strength of microwave pulses in Ch3). The phase
change of the oscillating nutation signal is then used to
determine γg,1 and φ. For example, fig. 2(d) depicts two
nutation curves with φ= 0 and φ= π, clearly exhibiting
a π phase shift between them. Figure 2(e) compares the
φ-dependence of the measured γg,1 with the theoretical
curve π−φ. The agreement is excellent.
Next we consider a multi-pass protocol by repeating the

controlled-U operation for N > 1 times before readout. In
the following we term this procedure as a “repetitive phase
estimation” (RPE) scheme. Such an RPE step amplifies
the geometrical phase factor by a factor of N , i.e., from
γg,1 to γg,N . Given the refocusing π pulse in channel 4 that
cancels the dynamical phase, an extra step is necessary
to accumulate the geometric phase correctly. That is,
the geometric paths after the refocusing pulse must be
made opposite to those before it. This is implemented by
changing the ordering of the two π pulses in channels 1
and 2. In addition, if N is even, we apply the U operation
N/2 times before and after the refocusing π pulse; and
if N is odd, we introduce (N +1)/2 [(N − 1)/2] geometric
paths before (after) the refocusing pulse. The readout step
is the same as in the case of N = 1. Figure 3(a) shows the
measured phase vs. N , with four different values of φ.
The results clearly give γg,N =N(π−φ). To verify that
the measured phase indeed arises from the φ parameter

rather than from pulse errors, we also collect data for
the case of Ω= 0◦ (circles). In that case the measured
geometric phase is indeed found to be 0◦.
To see the sensitivity afforded by our multi-pass proto-

col, we consider a small value of φ (about 5◦ such that Nφ
is less than 360◦). The standard deviation in estimating φ
is given by [10]

∆φ=
∆γg,N

|dγg,N
dφ
| =
∆γg,N
N
, (1)

where ∆γg,N is the uncertainty in γg,N measured from
our interferometer. In obtaining ∆γg,N , we build up the
statistics by examining 100 points on each nutation curve
(I vs. τ) and then repeat the same experiment 105 times.
This approach, different from the procedure in ref. [9]
for single-shot measurements, overcomes the low state
readout efficiency in our system as compared with other
systems [25]. To see the advantage of our multi-pass
protocol, we also compare ∆φ here with that achieved by
a single-pass protocol, where the qubit evolves along the
geometric path only once. For a fair comparison of ∆φ,
the single-pass protocol experiment was repeated N × 105
times. As shown in fig. 3(b), ∆φ achieved by RPE does
scale nicely as 1/N for N � 6 (triangles). This is in sharp
contrast to the result in the single-pass protocol, where ∆φ
clearly scales with ∼ 1/√N (squares). Note that error bars
in fig. 3(b) are obtained following the method in ref. [26].
Results in fig. 3(b) also show that asN further increases,

∆φ ceases to scale with ∼ 1/N . This is a direct manifes-
tation of decoherence effects [27]. The coherence in our
NV center system displays a exp[−(T/T2)4] decay [28].
The T2 value is found to be T2 = 26µs from a Hahn-Echo
experiment (see fig. 4(a)). Another decoherence time scale,
denoted T ′2 [29], is caused by the inhomogeneity among
the many applied MW pulses. Experimentally we obtain
T ′2 = 100µs (see fig. 4(b)). Then the amplitude of the
nutation signal may be modeled by the following simple
function:

I ∝ e−
(
T
T2

)4−
(
T
T ′2

)
cos(2πωτ − γg,N ).

Because in our experiment the interval between two
neighboring microwave pulses is only 8 ns and hence
negligible, the evolution time T can be taken as the sum of
the width of all the applied microwave pulses. This leads
to T ∝N and as a result, one obtains (see dotted line in
fig. 3(b))

∆φ=
∆γg,1
N
exp

[(
N − 1
fT2

)4
+

(
N − 1
fT ′2

)]
, (2)

where f = 0.55MHz is obtained from strength of the
microwave pulses in Ch1 and Ch2. Equation (2) predicts
that if N =Nopt = 8± 1, then ∆φ reaches its minimum.
This agrees with our experimental results shown in
fig. 3(b). The existence of an optimal value of N vividly

60005-p3

Figure 2-3: Accumulated phase by muti-pass protocol. a, Measured 𝛾𝑔,𝑁 vs.
𝑁 , for four values of 𝜑. b, Standard deviation ∆𝜑 (in units of degree times 𝑁1/2)
vs. 𝑁 for one value of 𝜑 achieved by our multi-pass protocol (triangles) as compared
with that in a single-pass protocol (squares). Upper (lower) dashed lines represent
1/
√
𝑁 (1/𝑁) scaling. Dotted line represents a theoretical prediction by eq.(2). The

optimal value of 𝑁𝑜𝑝𝑡 that gives the lowest value of ∆𝜑(0.8∘ ± 0.2∘) is labeled by an
arrow.
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geometric phase correctly. That is, the geometric paths after the refocusing pulse

must be made opposite to those before it. This is implemented by changing the

ordering of the two 𝜋 pulses in channels 1 and 2. In addition, if 𝑁 is even, we apply

the U operation 𝑁/2 times before and after the refocusing 𝜋 pulse; and if 𝑁 is odd,

we introduce (𝑁+1)/2[(𝑁−1)/2] geometric paths before (after) the refocusing pulse.

The readout step is the same as in the case of𝑁 = 1. Figure2-3(a) shows the measured

phase vs. 𝑁 , with four different values of 𝜑. The results clearly give 𝛾𝑔,𝑁 = 𝑁(𝜋−𝜑).

To verify that the measured phase indeed arises from the 𝜑 parameter rather than

from pulse errors, we also collect data for the case of Ω = 0∘ (circles). In that case

the measured geometric phase is indeed found to be 0∘.

To see the sensitivity afforded by our multi-pass protocol, we consider a small

value of 𝜑 (about 5∘ such that 𝑁𝜑 is less than 360∘). The standard deviation in

estimating 𝜑 is given by [80]

∆𝜑 =
∆𝛾𝑔,𝑁⃒⃒⃒
d𝛾𝑔,𝑁
d𝜑

⃒⃒⃒ =
∆𝛾𝑔,𝑁
𝑁

(2.1)

where ∆𝛾𝑔,𝑁 is the uncertainty in 𝛾𝑔,𝑁 measured from our interferometer. In obtaining

∆𝛾𝑔,𝑁 , we build up the statistics by examining 100 points on each nutation curve (𝐼

vs. 𝜏) and then repeat the same experiment 105 times. This approach, different

from the procedure in ref.[79] for single-shot measurements, overcomes the low state

readout efficiency in our system as compared with other systems[96]. To see the

advantage of our multi-pass protocol, we also compare ∆𝜑 here with that achieved by

a single-pass protocol, where the qubit evolves along the geometric path only once.

For a fair comparison of ∆𝜑, the single-pass protocol experiment was repeated 𝑁×105

times. As shown in fig.2-3b, ∆𝜑 achieved by RPE does scale nicely as 1/𝑁 for 𝑁 6 6

(triangles). This is in sharp contrast to the result in the single-pass protocol, where

∆𝜑 clearly scales with 1/
√
𝑁(squares). Note that error bars in fig.2-3(b) are obtained

following the method in ref.[50].

Results in fig.2-3b also show that as 𝑁 further increases, ∆𝜑 ceases to scale with

1/𝑁 . This is a direct manifestation of decoherence effects[97]. The coherence in our
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Fig. 4: (Color online) (a) Coherence signal (IPL) in the presence
of various CPMG sequences. Data are fitted by exp[−(T/T2)4]
(lines) to give extended T2 values. (b) Nutation signal used
to estimate T ′2. With a CPMG7 sequence (circles), the main
damping mechanism is MW pulse inhomogeneity. Data are
fitted by a damped sine function (grey line) to evaluate T ′2.
(c) Pulse sequence for the multi-pass protocol with the CPMG
sequence where k and j are integers. The initialization and the
detection steps omitted here are the same as shown in fig. 2(c).
The red rectangle labeled by πj stands for the j-th CPMG
decoupling pulse, where j = 3, 5, 7. (d) Minimized ∆φ (in units
of degree times N1/2) vs. N . The solid (dashed) straight line
represents a ∼ 1/N (1/√N) scaling. Other curves represent
eq. (2), but with extended T2 values obtained from panel (a).
Triangle, diamond and square represent optimized results after
implanting CPMGj, with j = 3, 5, 7. Circle represents the result
based on single geometric path.

shows the competition between a multi-pass protocol and
decoherence.
It is now evident that decoherence must be suppressed

to further reduce ∆φ. Since T2� T ′2, we focus on the
suppression of the intrinsic dephasing of the qubit state by
DD sequences, e.g., the standard Carr-Purcell-Meiboom-
Gill (CPMG) sequences [30]. In achieving this goal, a DD
pulse sequence is implemented in our multi-pass protocol.

Some key considerations are in order. First, we test the
impact of CPMGj (i.e., a CPMG sequence of j pulses)
and observe that the qubit coherence lifetime can be
significantly extended even though our MW pulses are not
ideal delta-pulses (see fig. 4(a)). For example, the value
of T2 can be extended from 26µs (revealed by CPMG1)
to 150µs with CPMG7. Second, to carry out a CPMG
sequence in our multi-pass protocol, we apply pulses
sequence (shown in fig. 4(c)) with the form [UkΠUk]j
for CPMGj, where Π stands for the decoupling π pulse
and k is the repeating times of U. The total number
of GP operations is then given by 2kj. We scan the
value of k to find its optimal choice. For example, in the
case of CPMG3, ∆φ is found to be minimal if k= 2, which
corresponds to N = 12. Third, we must take into account
the effects of DD pulses on the geometric paths. Once a
π pulse in a CPMG sequence is applied, we exchange the
ordering of the two π pulses in channels 1 and 2 so that
the geometric paths are reversed and the AA phases can
be accumulated rather than canceled.
Figure 4(d) depicts minimized values of ∆φ (in units

of degree times N1/2) vs. optimized N , in the pres-
ence of implanted CPMGj sequences with j = 3, 5, 7. It
is seen as j increases from j = 3 to j = 5, the opti-
mized value of N increases and optimized ∆φ reduces. To
confirm that this is a direct benefit of CPMGj sequences,
we replot eq. (2) in fig. 4(d), but with the bare T2
value replaced by the extended T2 values determined in
fig. 4(a). The small deviation between the experimental
data and the modified theoretical curve may be due to
the imperfection of the pulses. Note also that the case
of CPMG7 with optimized N = 42 yields a slightly larger
∆φ than the case of CPMG5, indicating that a new limit
is reached. Indeed, with CPMG7, the new T2 value is
already larger than T ′2, so further reduction of ∆φ is
limited by T ′2. ∆φ obtained from the single-pass method
is ∆φsingle = 4.03± 1.65◦ (circle in fig. 4(d)) and its value
can be reduced to ∆φCPMG5 = 0.16± 0.07◦ (diamond in
fig. 4(d)) by the multi-pass protocol under the protec-
tion of CPMG5, where N = 30. For a fair comparison, the
precision enhancement factor of the phase estimation by
multi-pass protocol with dynamical decoupling is calcu-
lated as ∆φsingle/

√
30/∆φCPMG5 � 4.6 with the theoret-

ical prediction
√
30� 5.5 in the absence of decoherence.

We can also estimate the enhancement factor obtained by
the multi-pass protocol without CPMG dynamical decou-
pling as about 1.8 where the minimized ∆φ is 0.8± 0.2◦
with N = 8. Then it is clear that the performance of the
phase estimation is improved by the dynamical decoupling
technique.
To summarize, we have demonstrated the feasibility

of implanting a high-order DD sequence in a multi-pass
quantum metrology protocol. The performance of phase
measurement in a noise environment is hence considerably
enhanced. The results will stimulate the use of DD in
other quantum coherence-based metrology schemes. As
entanglement may be protected by DD as well [17–19],
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Figure 2-4: Optimized dynamical decoupling protocols. a, Coherence signal
(𝐼PL) in the presence of various CPMG sequences. Data are fitted by exp(−(𝑇/𝑇2)

4)
(lines) to give extended 𝑇2 values. b, Nutation signal used to estimate 𝑇 ′

2. With a
CPMG7 sequence (circles), the main damping mechanism is MW pulse inhomogeneity.
Data are fitted by a damped sine function (grey line) to evaluate 𝑇 ′

2. c, Pulse sequence
for the multi-pass protocol with the CPMG sequence where 𝑘 and 𝑗 are integers. The
initialization and the detection steps omitted here are the same as shown in fig. 2c.
The red rectangle labeled by 𝜋𝑗 stands for the 𝑗th CPMG decoupling pulse, where
𝑗 = 3, 5, 7. d, Minimized ∆𝜑 (in units of degree times 𝑁1/2) vs. 𝑁 . The solid
(dashed) straight line represents a 1/𝑁 (1/

√
𝑁 ) scaling. Other curves represent

eq.(2), but with extended 𝑇2 values obtained from panel a. Triangle, diamond and
square represent optimized results after implanting CPMG𝑗, with 𝑗 = 3, 5, 7. Circle
represents the result based on single geometric path.
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NV center system displays a exp(−(𝑇/𝑇2)
4) decay[98]. The 𝑇2 value is found to be

𝑇2 = 26𝜇s from a Hahn-Echo experiment (see fig.2-4a). Another decoherence time

scale, denoted 𝑇 ′
2 [99], is caused by the inhomogeneity among the many applied MW

pulses. Experimentally we obtain 𝑇 ′
2 = 100𝜇s (see fig.2-4b). Then the amplitude of

the nutation signal may be modeled by the following simple function:

𝐼 ∝ e
−
(︁

𝑇
𝑇2

)︁4
−
(︂

𝑇
𝑇 ′
2

)︂
cos(2𝜋𝜔𝜏 − 𝛾𝑔,𝑁) (2.2)

2.4 Optimized dynamical decoupling sequence.

Because in our experiment the interval between two neighboring microwave pulses is

only 8ns and hence negligible, the evolution time 𝑇 can be taken as the sum of the

width of all the applied microwave pulses. This leads to 𝑇 ∝ 𝑁 and as a result, one

obtains (see dotted line in fig.2-3b)

∆𝜑 =
∆𝛾𝑔,1
𝑁

exp

[︃(︂
𝑁 − 1

𝑓𝑇2

)︂4

+

(︂
𝑁 − 1

𝑓𝑇 ′
2

)︂]︃
(2.3)

where 𝑓=0.55MHz is obtained from strength of the microwave pulses in Ch1 and

Ch2. Equation 2.3 predicts that if 𝑁 = 𝑁opt = 8± 1, then ∆𝜑 reaches its minimum.

This agrees with our experimental results shown in fig.2-3b. The existence of an

optimal value of 𝑁 vividly shows the competition between a multi-pass protocol and

decoherence.

It is now evident that decoherence must be suppressed to further reduce ∆𝜑. Since

𝑇2 6 𝑇 ′
2, we focus on the suppression of the intrinsic dephasing of the qubit state by

DD sequences, e.g., the standard Carr-Purcell-Meiboom-Gill (CPMG) sequences[100].

In achieving this goal, a DD pulse sequence is implemented in our multi-pass protocol.

Some key considerations are in order. First, we test the impact of CPMG𝑗 (i.e., a

CPMG sequence of 𝑗 pulses) and observe that the qubit coherence lifetime can be

significantly extended even though our MW pulses are not ideal delta-pulses (see

fig.2-4a). For example, the value of 𝑇2 can be extended from 26𝜇s (revealed by
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CPMG1) to 150𝜇s with CPMG7. Second, to carry out a CPMG sequence in our

multi-pass protocol, we apply pulses sequence (shown in fig.2-4c) with the form

[𝑈𝑘

∏︀
𝑈𝑘]𝑗 for CPMG𝑗, where

∏︀
stands for the decoupling 𝜋 pulse and 𝑘 is the

repeating times of U. The total number of GP operations is then given by 2𝑘𝑗. We

scan the value of 𝑘 to find its optimal choice. For example, in the case of CPMG3,

∆𝜑 is found to be minimal if 𝑘 = 2, which corresponds to 𝑁 = 12. Third, we must

take into account the effects of DD pulses on the geometric paths. Once a 𝜋 pulse

in a CPMG sequence is applied, we exchange the ordering of the two 𝜋 pulses in

channels 1 and 2 so that the geometric paths are reversed and the AA phases can be

accumulated rather than canceled.

Figure2-4d depicts minimized values of ∆𝜑 (in units of degree times 𝑁1/2) vs.

optimized 𝑁 , in the presence of implanted CPMG𝑗 sequences with 𝑗 = 3, 5, 7. It

is seen as 𝑗 increases from 𝑗 = 3 to 𝑗 = 5, the optimized value of 𝑁 increases and

optimized ∆𝜑 reduces. To confirm that this is a direct benefit of CPMG𝑗 sequences,

we replot equ.2.3 in fig.2-4d, but with the bare T2 value replaced by the extended

T2 values determined in fig.2-4a. The small deviation between the experimental data

and the modified theoretical curve may be due to the imperfection of the pulses. Note

also that the case of CPMG7 with optimized 𝑁 = 42 yields a slightly larger ∆𝜑 than

the case of CPMG5, indicating that a new limit is reached. Indeed, with CPMG7, the

new 𝑇2 value is already larger than 𝑇 ′
2 , so further reduction of ∆𝜑 is limited by 𝑇 ′

2 .

∆𝜑 obtained from the single-pass method is ∆𝜑single = 4.03±1.65∘ (circle in fig.2-4d)

and its value can be reduced to ∆𝜑CPMG5 = 0.16 ± 0.07∘ (diamond in fig.2-4d) by

the multi-pass protocol under the protection of CPMG5, where 𝑁=30. For a fair

comparison, the precision enhancement factor of the phase estimation by multi-pass

protocol with dynamical decoupling is calculated as ∆𝜑𝑠𝑖𝑛𝑔𝑙𝑒/
√

30/∆𝜑𝐶𝑃𝑀𝐺5 ≃ 4.6

with the theoretical prediction
√

30 ≃ 5.5 in the absence of decoherence. We can

also estimate the enhancement factor obtained by the multi-pass protocol without

CPMG dynamical decoupling as about 1.8 where the minimized ∆𝜑 is 0.8±0.2∘ with

𝑁 = 8. Then it is clear that the performance of the phase estimation is improved by

the dynamical decoupling technique.
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2.5 Summary

To summarize, we have demonstrated the feasibility of implanting a high-order DD

sequence in a multi-pass quantum metrology protocol. The performance of phase

measurement in a noise environment is hence considerably enhanced. The results will

stimulate the use of DD in other quantum coherence-based metrology schemes. As

entanglement may be protected by DD as well [87–90], it should be of interest to also

synthesize DD with entanglement-based quantum metrology.
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Chapter 3

Probing the anomalous dynamics of

nuclear spin ensemble

In the previous chapters quantum magnetometry in diamond is introduced. Magnetic

AC field was sensed and enhanced by dynamical decoupling with quantum magnetometry

in diamond. However, single NV centers can also be applied to observe quantum

effects in nuclear spin ensembles. During dynamical decoupling, the coupling between

a quantum object and its environment causes decoherence, which is a key issue in

quantum science and technology[101–103]. Such coupling is usually understood in

terms of classical noise, such as in spectral diffusion theories that are widely used in,

for example, magnetic resonance spectroscopy[104, 105] and optical spectroscopy[106,

107]. In modern nanotechnology and quantum science, the relevant environment of

a quantum object can be of nanometre or even sub-nanometre size[58, 83, 108–120].

Therefore, the environment itself is quantum in nature. In recent years, quantum

theories have been developed to treat the decoherence problem in a mesoscopic

quantum bath[121–126]. These quantum theories have been successful in studying

decoherence in various systems and predicted some surprising quantum effects[125].

A number of experiments have indicated the quantum nature of nuclear spin baths[83,

108, 110–112, 116]. However, up to now, there has been no experiment explicitly

addressing the fundamental difference between classical and quantum baths.

A recent theoretical study[127] predicted an anomalous decoherence effect (ADE)
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of a quantum bath on a spin higher than 1/2. Considering a spin-1 under a unidirectional

magnetic noise 𝑏𝑧 with Hamiltonian 𝑏𝑧𝑆𝑧, the spin, initially in a superposition of the

𝑆𝑧 eigenstates |Ψ(0)⟩ = 𝑎−|−⟩+ 𝑎0|0⟩+ 𝑎+|+⟩ , will evolve to |Ψ(𝑡)⟩ = 𝑎−e−i𝜙(𝑡)|−⟩+

𝑎0|0⟩+𝑎+ei𝜙(𝑡)|+⟩ with an accumulated random phase 𝜙(𝑡) =
∫︀ 𝑡

0
𝑏(𝜏)d𝜏 . The coherence

of the single-transitions |0⟩ ↔ |±⟩ is determined by the average of the random phase

factor as 𝐿0,± = ⟨ei𝜙(𝑡)⟩, whereas the double-transition has coherence 𝐿−,+ = ⟨e2i𝜙(𝑡)⟩.

For Gaussian noise, as commonly encountered, 𝐿0,± = e−⟨𝜙(0)𝜙(𝑡)⟩/2 and 𝐿−,+ =

e−2⟨𝜙(0)𝜙(𝑡)⟩ = 𝐿4
0,±. Decoherence of the double-transition behaves essentially the same

as that of the single-transitions, but is faster as the double-transition suffers from

noise that is twice as strong as that suffered by the single-transitions. Surprisingly,

in a mesoscopic quantum bath made of nuclear spins, where the noise 𝑏𝑧 is the bath

operator, the prediction is that the coherence time of the double-transition under

dynamical decoupling, where the bath evolution is controlled through the flips of the

central spin, can be increased above that of the single spin[127].

Here we report the experimental observation of the ADE using an NV centre

system at room temperature. The observed centre spin decoherence is in excellent

agreement with the microscopic theory. The combined experimental and theoretical

results demonstrate the capability of manipulating the evolution of the surrounding
13C nuclear spins by controlling the centre spin. This manipulation paves the way for

exploiting spin baths for quantum information processing[128] and nanometrology[21,

59].

3.1 System and model

We demonstrate the ADE using paramagnetic resonance measurements and microscopic

calculations. The experiments are based on optically detected magnetic resonance[10]

of single NV centres in type-IIa diamond at room temperature. After being polarized

into the state |0⟩ by a 532-nm laser pulse, the centre spin state is manipulated

by the resonant microwave pulses and the spin coherence is read out through the

measurement of fluorescence intensity (fig.3-1b). The calculation is based on a quantum
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Figure 3-1: System and methods for measuring NV centre spin decoherence
in a 13C nuclear spin bath in diamond. a, Atomic structure of a nitrogen(N)
- vacancy(V) centre in diamond and the magnetic field 𝐵. b, Pulse sequences
for the optically detected magnetic resonance measurement. The centre spin is
initialized by the 532-nm laser pulse, manipulated by microwave pulses, and read
out through the fluorescence. c, Energy levels of an NV centre spin. The electron
spin and 14N-nuclear spin states are denoted by |𝑚𝑠⟩ and |𝑚𝐼⟩14𝑁 for 𝑚𝑠,𝑚𝐼 = 0,±,
respectively. The level splitting is caused by the hyperfine coupling to the 14N nuclear
spin. The single-transition coherence 𝐿0,+ and the double-transition coherence 𝐿+,−
are measured in the experiments. The solid (dashed) vertical arrows denote the
nonselective (selective) microwave excitations of the centre spin. d, Schematic of a
13C-nuclear spin bath (enclosed by the circle), which together with the NV centre
spin form a relatively closed quantum system.
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many-body theory[124], which takes into account the hyperfine coupling between the

centre spin and the 13C bath spins and the dipolar interaction between 13C bath spins.

Under zero field, the centre spin has three eigenstates quantized along the z

direction (the NV axis, [111] direction), namely, |±⟩ and |0⟩ . In the experiment,

a weak magnetic field (<20 gauss) is applied along the NV axis to lift the degeneracy

between |+⟩ and |−⟩. Each energy level of the spin states |±⟩ is split into three

sub-levels owing to the hyperfine coupling with the 14N nuclear spin in the NV centre

(fig.3-1c). The coherence 𝐿0,+(𝑡) of the single-transition |0⟩ ↔ |+⟩ fence and the

coherence 𝐿+,−(𝑡) of the double-transition |+⟩ ↔ |−⟩ (fig.3-1c) are measured for a

single NV centre.

The system has a Hamiltonian 𝐻 = 𝐻NV+𝐻B+𝐻hf . The centre spin Hamiltonian

is 𝐻NV = ∆𝑆2
𝑧 − 𝛾𝑒𝐵𝑆𝑧, where ∆ denotes the zero-field splitting and 𝛾𝑒 = 1.76 ×

1011s−1T−1 is the electron gyromagnetic ratio. The bath Hamiltonian

𝐻B = −
∑︁
𝑗

𝛾𝑗𝐵𝐼
𝑧
𝑗 + ∆𝑁(𝐼𝑧0 )2 +

∑︁
𝑖>𝑗

𝜇0

4𝜋

𝛾𝑖𝛾𝑗
𝑅3

𝑖𝑗

[︂
I𝑖 · I𝑗 −

3 (I𝑖 ·R𝑖𝑗) (R𝑖𝑗 · I𝑗)
𝑅2

𝑖𝑗

]︂
(3.1)

=
∑︁
𝑖

𝜔𝐼𝑧𝑖 +
∑︁
𝑖,𝑗

I𝑖 ·
←→
D 𝑖𝑗 · I𝑗 (3.2)

contains the nuclear spin Zeeman splitting (𝜔) and the dipolar interaction between

nuclear spins (with coefficients
←→
D 𝑖𝑗 ), where 𝛾0 = 𝛾𝑁 = 1.93 × 107s−1T−1 is the

gyromagnetic ratio of the 14N nucleus, 𝛾𝑗>0 = 𝛾𝐶 = 6.73 × 107s−1T−1 is that of 13C

nuclei, R𝑖𝑗 = R𝑖 −R𝑗 is the displacement between the 𝑖th and the 𝑗th nuclear spins,

and ∆𝑁=-5.1MHz is the 14N nuclear spin quadrupole splitting[129] . The centre spin

couples to the nuclear spins through 𝐻hf = 𝑆𝑧

∑︀
𝑗 A𝑗 · I𝑗 ≡ 𝑆𝑧 �̂�𝑧, where A𝑗 is the

hyperfine coupling to the 𝑗tℎ nuclear spin I𝑗. Here the transverse components of

the hyperfine coupling have been dropped because they are too weak to cause the

centre spin flip (with 𝐴𝑗 ≪ ∆). Owing to its dipolar form, the hyperfine coupling

strength depends inverse-cubically on the distance of the nuclear spin from the centre.

The relevant bath spins are those located within a few nanometres from the centre

(fig.3-1d). Outside this range, the nuclear spins have too weak a hyperfine coupling
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to contribute to the centre spin decoherence[127]. Thus, within the decoherence

timescale (<ms), the centre spin together with 100 bath spins form a relatively

closed quantum system .

3.2 Anomalous decoherence dynamics of nuclear spin

ensemble

Free-induction decay of the centre spin coherence

Viewed from the centre spin, the hyperfine coupling provides a quantum noise field

�̂�𝑧. Since �̂�𝑧 in general does not commute with the total Hamiltonian 𝐻, a certain

noise-field eigenstate will evolve to a superposition of different eigenstates of �̂�𝑧, which

leads to quantum fluctuations of the centre spin splitting. The Hamiltonian can also

be expressed as

𝐻 =
∑︁
𝛼=0,±

|𝛼⟩⟨𝛼| ⊗ (𝜔𝛼 +𝐻(𝛼)) (3.3)

where 𝜔𝛼 = ∆−𝛼𝛾𝑒𝐵 is the eigenenergy of |𝛼⟩, and 𝐻(𝛼) = 𝐻B+𝛼�̂�𝑧 governs the bath

dynamics conditioned on the centre spin state. Viewed from the bath, the hyperfine

coupling is a back action, conditioned on the centre spin state. Thus, the centre spin

decoherence is caused by conditional bath evolution, which records the which-way

information of the centre spin[123, 127].

Besides the quantum fluctuations, there are also classical thermal fluctuations

due to the random orientations of nuclear spins at room temperature. Indeed, the

thermal fluctuations (also called inhomogeneous broadening) are much stronger than

the quantum fluctuations and cause the free-induction decay of centre spin coherence

within several microseconds. However, the inhomogeneous broadening effect can be

removed by spin echo[130]. The coexistence of classical and quantum fluctuations and

their different effects under spin echo control enable the in-situ comparison between

the classical and quantum noises.

Fig.3-2 shows the free-induction decay of the centre spin coherence. Both single-
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Figure 3-2: Free-induction decay of the NV centre spin coherence. a,
b, Measured (colour lines with symbols) and calculated (envelopes in black lines)
free-induction decay of the single-transition(a) and double-transition(b) coherence,
respectively. The oscillations and the asymmetric envelopes are due to coupling to
the 14N nuclear spin. A magnetic field 𝐵=13.5 gauss is applied along the NV axis.
Error bars are s.d.

and double-transition decoherence have Gaussian decay envelopes exp(−𝑡2/𝑇 *2
2 ), with

the dephasing time of the double-transition (𝑇 *
2 = 1.16 ± 0.11𝜇𝑠) about half that of

the single-transition (𝑇 *
2 = 2.33± 0.39𝜇𝑠). This verifies the scaling relation

𝐿+,−(𝑡) = [𝐿0,+(𝑡)]4, (3.4)

as predicted in ref.[127] for thermal fluctuations. The experimental data are in good

agreement with the numerical results obtained by considering the inhomogeneous

broadening of a 13C nuclear spin bath.

Hahn echo of the centre spin coherence

The quantum fluctuations become relevant when the inhomogeneous effect is removed

by spin echo[130]. Fig.3-3 shows the Hahn echo signals under an external magnetic

field B=13.5Gauss. The single-transition coherence presents periodic revivals. In

contrast, the double-transition coherence decays to zero within several microseconds

and does not recover. Such qualitative differences result directly from manipulation

of the quantum bath on the centre spin flip.
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Figure 3-3: Hahn echo of the NV centre spin coherence. a, b, Measured
(colour lines with symbols) and calculated (black lines) Hahn-echo signals of the
single-transition(a) and the double-transition(b), respectively. c, Close up of the
initial decay in (a,b) for single- (red symbols for experiments and line for theory) and
double-transition (blue symbols for experiments and line for theory). A magnetic
field B=13.5Gauss is applied along the NV axis. Error bars are s.d.
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Under a weak magnetic field, the centre spin decoherence is mainly induced by

the single 13C nuclear spin dynamics[59, 126, 131]. The dipolar interaction between

nuclear spins can be neglected for the moment. Thus, the bath Hamiltonian 𝐻B

only contains the nuclear Zeeman energy (with 𝛾𝐶𝐵/2𝜋 ∼ 14.4kHz, 𝛾𝐶 = 6.73 ×

107s−1T−1 being the gyromagnetic ratio of 13C nuclei). The hyperfine field 𝛼A𝑗

(with A𝑗/2𝜋 5kHz for a nuclear spin I𝑗 located 1.5nm from the centre) is comparable

to the Zeeman frequency. Each nuclear spin precesses about different local fields

h
(𝛼)
𝑗 = −𝛾𝐶B + 𝛼A𝑗, conditioned on the centre spin state |𝛼⟩. The centre spin

decoherence is expressed as[59, 126, 127]. where |𝐼(𝛼)𝑗 (𝑡)⟩ is the precession of the 𝑗th

nuclear spin about the local field h
(𝛼)
𝑗 starting from a randomly set initial state |𝐼𝑗⟩.

The conditional evolution of bath spins records the which-way information of the

centre spin and causes the decoherence. Under a flip operation of the centre spin

|𝛼⟩ ↔ |𝛼′⟩, the nuclear spin precession is manipulated as |𝐼(𝛼)𝑗 (𝑡)⟩ = exp[−ih
(𝛼)
𝑗 · I(𝑡−

𝜏)] exp[−ih
(𝛼′)
𝑗 · I𝑗𝜏 ]|𝐼𝑗⟩, that is, the nuclear spin changes its precession direction and

frequency. Thus, the nuclear spin bath is manipulated through control of the centre

spin. The coherence at the echo time is calculated as[126].

𝐿𝛼,𝛼′(2𝜏) =
∏︁
𝑗

⎛⎝1− 2

⃒⃒⃒⃒
⃒sin h

(𝛼)
𝑗 𝜏

2
× sin

h
(𝛼′)
𝑗 𝜏

2

⃒⃒⃒⃒
⃒
2
⎞⎠ (3.5)

When the centre spin is in the state |0⟩, all the nuclear spins precess about the same

local field B. This fact leads to the single-transition coherence recovery when the

echo time is such that the nuclear spins complete full cycles of precession in a period

of free evolution under the magnetic field (that is, 𝛾𝐶𝐵𝜏 = 2𝑛𝜋 for integer 𝑛). This

effect is shown in Figure3-3a, which is consistent with previous observations[116]. The

height of the recovery peaks decays owing to the nuclearĺCnuclear spin interaction in

the bath[59, 126, 127] . For the double-transition coherence, however, the hyperfine

couplings are non-zero and, therefore, the nuclear spins have different local fields for

both of the centre spin states |±⟩. Consequently, the double-transition coherence has

no full recovery under the echo control in the weak field. Fig.3-3a,b show excellent

agreement between the theory and the experimental observation.
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A close up of the initial coherence collapse (for 𝛾𝐶𝐵𝜏 < 2𝜋) shows that the

single-transition coherence still decays slower than the double-transition coherence

(Fig.3-3c). Actually, in the initial spin-echo decay under a weak magnetic field, the

short time condition ℎ(𝛼𝛼)𝑗 < 1 is satisfied for most nuclear spins coupled to the centre

spin. The short time expansion of equ.3.5 gives

𝐿0,+(2𝜏) ≈
∏︁
𝑗

(︀
1− |𝛾𝐶B×A𝑗|2 𝜏 4/8

)︀
(3.6)

and

𝐿+,−(2𝜏) ≈
∏︁
𝑗

(︀
1− |𝛾𝐶B×A𝑗|2 𝜏 4/8

)︀
, (3.7)

which satisfy the scaling relation for classical Gaussian noise in equ.3.4 . Thus, in the

relatively short time range, the ADE is not yet fully developed.

Dynamical decoupling control of the centre spin coherence

To further explore the quantum nature of the nuclear spin bath, we employ the

multi-pulse dynamical decoupling control, to elongate the centre spin coherence time

and to make the control effects on the quantum bath more pronounced. Fig.3-4

compares the single- and double-transition coherence under the periodic dynamical

decoupling (PDD) control by equally spaced sequences of up to five pulses (applied at

𝜏 , 3𝜏 , 5𝜏 . . ., called Carr-Purcell sequences for two or more pulses)[84–86]. To focus on

the initial-stage decoherence, we use a weak field (𝐵=5Gauss) so that the subsequent

revival of the centre spin coherence is suppressed since the revival period (about

0.37ms in Hahn echo and 1.85ms in PDD-5) is long as compared with the overall

decoherence time[131]. In the Hahn echo (PDD-1), where the short time condition

approximately holds, the single-transition coherence and the double-transition coherence

approximately satisfy the scaling relation in equ.3.4. With increasing the number of

control pulses, the double-transition coherence time increases more than that of the

single-transition. Surprisingly, under the five-pulse control, the double-transition has

significantly longer coherence time than the single-transition. Such counter-intuitive
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Figure 3-4: Decoherence of the NV centre spin under PDD control. a,
Measured single- (black line with square symbols) and double-transition coherence
(red line with circle symbols), under the one- to five-pulse PDD control (PDD-1 to
PDD-5, from top to bottom). The scaled single-transition coherence 𝐿4

0,+ (blue line
with triangle symbols) is plotted for comparison. b, The calculated data, plotted in
the same format as in a. c, Comparison between the measured (symbols) and the
calculated (solid lines) single-transition coherence. d, The same as c, but for the
double-transition. A magnetic field 𝐵=5 gauss is applied along the NV axis. Error
bars are s.d.
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phenomena unambiguously demonstrate the quantum nature of the nuclear spin bath.

The different dependence on dynamical decoupling of the single- and double-transition

decoherence, though counter-intuitive, can be understood with a geometrical picture

of nuclear spin precession conditioned on the centre spin state (fig.3-5). By repeated

flip control |𝛼⟩ ↔ |𝛼′⟩ of the centre spin, a nuclear spin I𝑗 precesses alternatively about

the local fields h(𝛼)
𝑗 and h

(𝛼′)
𝑗 . The decoherence is caused mainly by the 13C spins that

are located close to the centre spin, which have hyperfine fields much stronger than the

weak external field (𝐴𝑗 ≫ 𝛾𝐶𝐵). The local fields h(±)
𝑗 = −𝛾𝐶B±A𝑗, corresponding to

the centre spin states |±⟩, are approximately anti-parallel and the bifurcated nuclear

spin precession pathways have small distance 𝛿+,− at echo time (fig.3-5a displays

a schematic of the evolution paths on the Bloch sphere). Thus, under dynamical

decoupling control of the double-transition, the centre spin decoherence due to the

closely located nuclear spins is largely suppressed. Fig.3-5b shows the contributions to

the double-transition decoherence of three strongly coupled 13C spins in the randomly

generated spin bath (the same bath as used in calculation for figs. 3-2 to 3-4),

which are largely suppressed by the dynamical decoupling control. On the contrary,

this decoherence suppression mechanism does not exist in the single-transition case

(fig.3-5c displays a schematic diagram of the evolution paths on the Bloch sphere

). Fig.3-5d shows the contributions to the single-transition decoherence of the same

three strongly coupled 13C spins as in fig.3-5b, which are much greater than in the

double-transition case. Thus, the overall coherence of the single-transition decays

faster than that of the double-transition. This explains the ADE.

Fig.3-4 shows excellent agreement between the measured centre spin decoherence

under PDD and the calculation. Some features of slow oscillations or shoulders

in the calculated decoherence do not perfectly match those in the measured data,

especially for the higher order dynamical decoupling. This difference in the detail is

understandable as such features are sensitive to the specific random positions of a few

closely located 13C spins, which are not determined. Nevertheless, the experiments

unambiguously confirm the prediction that the double-transition coherence time grows

to be longer than that of the single-transitions.
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Figure 3-5: Physical picture for understanding the ADE. a, Bifurcated nuclear
spin precession about the local fields h

(+)
𝑗 (blue arrow) and h

(−)
𝑗 (red arrow) under

the 2-pulse PDD control of the double-transition. The blue (red) path shows the
nuclear spin precessing about h

(+)
𝑗 (h

(−)
𝑗 ) from time 0 to 𝜏 for the centre spin state

|−⟩(|+⟩), then precessing about h
(−)
𝑗 (h

(+)
𝑗 ) from time 𝜏 to 3𝜏 after the centre spin

is flipped to |−⟩(|+⟩) at time 𝜏 , and then precessing about h
(+)
𝑗 (h

(−)
𝑗 ) from time 3𝜏

to 4𝜏 after the centre spin is flipped back to |+⟩(|−⟩) at time 3𝜏 . b, The calculated
decoherence of double-transition under PDD-5 control caused by three closely located
13C spins in the randomly generated bath used in calculation for figs. 3-2 to 3-4. The
coordinates (in units of lattice constant 0.357 nm) are (-3, -3, 5)/4, (2, 3/2, 1/2),
and (1, -1, 2) for the black, red, and blue curves in turn. c, The same as a but
for the single-transition. 𝛿+,− and 𝛿0,+ denote the distances between the bifurcated
paths at the echo time (4𝜏) for the double- and single-transitions, respectively. As
the two local fields h

(±)
𝑗 are almost anti-parallel, 𝛿+,− is much smaller than 𝛿0,+. d,

The decoherence of the single-transition due to the same three spins in b. Notice the
different scales of the vertical axes in b,d. The contributions to the double-transition
of these spins are much smaller than those to the single-transition.
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The results presented in this chapter are mainly published in [132].

3.3 Summary

Our observation of the ADE using NV centre coherence establishes the quantum

nature of nuclear spin baths at room temperature. Previous studies of coherence

control of NV centre spins in electron-spin baths[84, 133–135] show that the decoherence

is well described by classical noise theory. The fundamental difference between nuclear

spin baths and electron spin baths lies in the intra-bath interaction strength relative

to the bath-centre spin coupling[136]. For nuclear spin baths, the dipolar interaction

between nuclear spins at average distance ( 10 Hz) is much weaker than the typical

hyperfine coupling (>kHz)[126, 127]. With such weak intra-bath interaction, the

diffusion of coherence among nuclear spins is much slower than the decoherence (of

a timescale ms). Thus, the centre spin and the bath can be regarded as a relatively

closed quantum system. For electron spin baths, however, the coupling between bath

spins at average distance is much stronger than the typical bath-centre coupling. As

a result, the coherence will rapidly diffuse from closely located bath spins to those at

distance during the centre spin decoherence. Therefore, an electron spin bath behaves

like a macroscopic open system and the classical noise theory is valid. For NV centre

spin decoherence in electron spin baths, we expect the ADE be absent and the scaling

relation in equ.3.4 be observed instead.

The quantum nature of nuclear spin baths can also be understood by the back-action

of the centre spin to the bath. For the transition |𝛼⟩ ↔ |𝛼′⟩, the Hamiltonian

in equation 3.3 can be expressed in a pseudo-spin form as 𝐻ps = 1
2
𝑏𝑧𝛼𝛼′𝜎𝑧 + 𝐻𝛼𝛼′ ,

where 𝜎𝑧 = |𝛼⟩⟨𝛼| − |𝛼′⟩⟨𝛼′| is the pseudo-spin operator, 𝑏𝛼𝛼′ = 𝐻(𝛼) − 𝐻(𝛼′) is the

effective noise field to the pseudo-spin and 𝐻𝛼𝛼′ = 1
2

(︀
𝐻(𝛼) +𝐻(𝛼′)

)︀
is the effective

bath Hamiltonian. For the single-transitions |0⟩ ↔ |±⟩, the effective noise field is

�̂�0± = �̂�𝑧, and the double-transition |+⟩ ↔ |−⟩ has a twice stronger noise as 𝑏+− = 2𝑏𝑧.

For the double-transition, the effective bath Hamiltonian is 𝐻+− = 𝐻𝐵, but for the

single-transition the effective bath Hamiltonian is 𝐻0± = 𝐻𝐵 ± 1
2
�̂�𝑧 with the extra
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term owing to the hyperfine coupling, which is the back-action of the centre spin

to the bath. For the nuclear spin bath, the hyperfine coupling is typically stronger

than the intra-bath interactions and the back-action strongly modifies the effective

bath Hamiltonian. In particular, for this work, the hyperfine coupling provides a

much stronger local field than the applied magnetic field for nuclear spins close to

the centre spin. In the single-transition case, because of the back-action, the nuclear

spins have enhanced precession frequencies in comparison to the double-transition

case. Thus, viewed from the centre spin, the effective bath for the double-transition

produces noise with lower frequencies than in the single-transition case and, therefore,

the centre spin coherence is better protected by the dynamical decoupling control.

This explains the ADE observed in nuclear spin baths. In contrast, for electron spin

baths, the coupling strength within the bath Hamiltonian 𝐻𝐵 is much larger than

the back-action term 1
2
�̂�𝑧(refs [84, 133–136]. For different centre spin transitions the

modification of the bath dynamics due to the back-action is negligible. In this sense,

the electron spin bath behaves as a classical bath and the ADE should not occur.

Finally, we point out that, in this work, the ADE is demonstrated in the weak

magnetic field regime (<20 Gauss) in which the quantum fluctuations is caused mainly

by single nuclear spin dynamics. The ADE was predicted in ref.[127] in the strong

field regime, where the fluctuations are caused mainly by nuclear spin pair dynamics.

These works indicate that the ADE is robust against the details of the decoherence

mechanisms but is a universal phenomena due to the quantum nature of mesoscopic

baths.
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Chapter 4

Nuclear magnetic resonance

spectroscopy and imaging with single

spin sensitivity

In the previous chapters it was demonstrated how the NV center can be applied

to magnetometery to investigate magnetic fields and nuclear spin ensembles. The

sensitivity was highly enhanced by periodical mw sequences, i.e. dynamical decoupling

sequences, which acted to extend decoherence time. However, fundamentally new

detection strategies are required to realize nuclear magnetic resonance spectroscopy

and magnetic resonance imaging at the ultimate sensitivity limit of single molecules

or single nuclear spins. The strong coupling regime, when interaction between sensor

and sample spins dominates all other interactions, is one such strategy. In this

regime, classically forbidden detection of completely unpolarized nuclei is allowed,

going beyond statistical fluctuations in magnetization. Here we realize strong coupling

between an atomic (nitrogen-vacancy) sensor and sample nuclei to perform nuclear

magnetic resonance on four 29Si spins. We exploit the field gradient created by

the diamond atomic sensor, in concert with compressed sensing, to realize imaging

protocols, enabling individual nuclei to be located with Angstrom precision. The

achieved signal-to-noise ratio under ambient conditions allows single nuclear spin

sensitivity to be achieved within seconds.
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The results presented in this chapter are mainly published in [27].

4.1 Intoduction

Nuclear magnetic resonance (NMR) spectroscopy is an informative tool routinely used

to determine the chemical makeup of macromolecules, including large proteins[28].

Yet the weak interaction strength between sample spins and inductive detectors, and

low-thermal polarization, restricts the sensitivity to large ensembles (fig.4-1a). The

resolution of imaging techniques is additionally limited by the maximum magnetic

gradient that can be applied. By miniaturizing the detector to approach the sample

closer, sensor-sample coupling can be increased. Recently, magnetic resonance force

microscopy[4, 5] and diamond based magnetometers[29–31] have been able to demonstrate

NMR on nanoscale ensembles of nuclear spins, improving sensitivity by orders of

magnitude compared with the best inductive readout[32]. When noise, in the form of

magnetic coupling between sample nuclear spins, exceeds interaction with the sensor,

the sensitivity is classically restricted to measurements of statistical fluctuations in

sample magnetization[137] (fig.4-1b). However, when coupling between the sensor

and measured nuclei dominates over decoherence (strong coupling regime shown in

fig.4-1c), individual nuclei may be detected regardless of their polarization. Here

we realize such strong coupling by bringing a single electronic spin sensor close to

(∼2nm) weakly interacting 29Si nuclei in a silica layer. Furthermore, strong coupling

enables the dipolar field of the atomic sensor to be used as field gradient for magnetic

resonance imaging, allowing the positions of four single nuclear spins to be imaged.

The ambient experimental methods we demonstrate are an important step towards

non-destructive imaging of single biomolecules under physiological conditions, and

determining nanoscale structure and composition without ensemble averaging.

The nitrogen-vacancy (NV) defect in diamond is a remarkable magnetic sensor.

Optically detected magnetic resonance enables the NV electronic spin to be interrogated

by fluorescence microscopy[138], and dipolar interaction with nearby spins – either in

the diamond[60–62] or near the surface[19, 20, 26, 67, 139–142] allows spin spectroscopy
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Figure 4-1: Classical and quantum NMR detection regimes. a, Inductive
NMR: Interaction between the sensor and individual nuclear spins (Γ𝑠) is much weaker
than interaction between nuclei (Γ𝑁). For large spin ensembles (& 1012 nuclear spins)
the time-averaged signal, ⟨𝑆⟩ is proportional to the sample polarization (multiplied by
the spin magnetic moment, 𝜇). In the high temperature limit, sample magnetization
is 𝑁𝜇2𝐵

𝑘𝐵𝑇
, where 𝑁 is the number of spins, 𝐵 is the external magnetic field, 𝑇 is the

temperature and 𝑘𝐵 is the Boltzmann constant. b, Nanoscale NMR: For detection
of small ensembles ( 104 nuclear spins) with a weakly coupled sensor, ⟨𝑆⟩ is still
proportional to the sample magnetization. Now statistical fluctuations may exceed
thermal polarization, so sample magnetization is given by

√
𝑁𝜇. c, Quantum NMR:

Detection of individual or few nuclei may occur when interaction of each nuclear spin
with the sensor (Γ𝑆) is stronger than the coupling to the surrounding bath (Γ𝑁). In
this strong coupling regime, the magnetic field of individual spins is measured rather
than sample magnetization. The detected signal, ⟨𝑆⟩ , is then proportional to 𝑁𝜇
regardless of whether the nuclei have a net polarization.
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to be performed. Other applications include nanoscale magnetic field measurements[50,

58] bioimaging under ambient conditions[15, 17, 20, 143] and quantum information

processing[48, 118, 120, 144, 145]. In the following, we focus on the possibility to

achieve direct flip-flops with unpolarized nuclear spins, that is, independent of the

initial state of the nuclear spin. The sensitivity of this protocol depends critically on

the stand-off distance between the NV sensor and target spins, not only because the

interaction strength scales inversely with the third power of the separation distance,

but also because the signal characteristics change drastically when the interaction

strength between NV and nuclear spins exceeds the coupling between target nuclei.

In this strong coupling regime, all nuclear spins directly impart phase accumulation

on the NV sensor before spin flips between nuclei occurs, which act to randomize

the phase accumulation. The result is a
√
𝑁 enhancement in the signal for detection

of N nuclei when compared with the classical case (see fig.4-1b,c), without requiring

sample hyperpolarization[146]. The sensitivity we achieve allows in principle a single,

unpolarized nuclear spin to be detected within 10s.

4.2 Senser creation and sensing protocol

Creation of senser

A schematic of the experiment is shown in fig.4-11a. NV defects were created by

implantation of 2.5keV N+ ions into an unpolished diamond surface. Isotopically

purified diamond (13C concentration <10p.p.m.) was used to avoid nuclear spin

noise from intrinsic 13C nuclei. Shallow NV centres of 2-3nm depth (Table4.1) were

identified with sub-nanometre precision by placing a standard sample on the surface.

Table 4.1: The estimated depths of NV-1, NV-6, and NV-7 sensors.
NV1 NV6 NV7√︀

⟨∆𝐵2⟩(𝜇𝑇 ) 2.39 2.58 2.23
depth (nm) 2.4 2.1 2.3

We used chemical vapor deposition grown, 99.999% 12C isotopically purified diamond
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Supplementary Figures 

   

Supplementary Figure 1. Creation of shallow NV centers. (a) SRIM simulation of implantation 

depth for N
+
 ions with an acceleration energy of 2.5 keV. (b) 2.5 keV, N

+
 implanted area, 

showing the measured NVs (NV3 and NV9 are out of the scanning area here). 

 

 

Supplementary Figure 2. Schematic of the XY8-K sequence used for measuring nuclear magnetic 

fields with shallow NV centers. K numbers of   pulses are applied to the NV center, where the 

relative phase of the pulses is adjusted by 0° or 90° depending on whether it is a    or    pulse. 

 

Figure 4-2: Creation of shallow NV centers. a, SRIM simulation of implantation
depth for N+ ions with an acceleration energy of 2.5keV. b, 2.5keV, N+ implanted
area, showing the measured NVs (NV3 and NV9 are out of the scanning area here).

with an as-grown surface (Element6) and implanted [37] with 3 × 103 𝑁+ ions/cm2

with an acceleration voltage of 2.5 keV. For this implantation energy, SRIM[147]

simulations reveal an NV center depth between 2 and 7 nm (fig.4-2a). To identify

shallow NV centers we measured the nuclear magnetic signal produced at the Larmor

frequency of statistically polarized hydrogen nuclear spins in immersion oil for 20

different NVs (fig.4-2b). We used the XY8-K dynamical decoupling sequence to

measure magnetic fields at the Larmor frequency of 1H. For the initial characterisation,

a dense nuclear spin sample of immersion oil was used[29] and the signal remains in

the classical regime, therefore we used a classical description of the signal.

Identify shallow NV centres

To identify shallow NV centres, we measured the nuclear magnetic signal at the

Larmor frequency of 1H using the XY8-K dynamical decoupling sequence. Initial

characterization was performed with a dense nuclear spin sampleąłimmersion oil

(Fluka Analytical 10976). The signal remained in the weak coupling regime; therefore,

we use a classical treatment[29].

First, we measure the magnetic field fluctuation ⟨𝐵2⟩, from protons in the oil

by integrating the power spectral density 𝑆(𝜔), see fig.4-3. The inverse Fourier
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Supplementary Figure 3. The measured NV echo signal after running different XY8-K sequences 

while applying artificial noise at 3 MHz. The full width at half maximum reduces from 

approximately 40 kHz for XY8-64 to 10 kHz for XY8-512. 

 

      

Supplementary Figure 4. Estimation of measured magnetic field from XY8-16 measurement. (a) 

Echo decay for NV-6 after running the XY8-16 sequence. (b) Power spectral density of the 

magnetic signal measured with NV-6. 

 

 

Frequency (MHz) 

Figure 4-3: Estimation of measured magnetic field from XY8-16
measurement. a, Echo decay for NV-6 after running the XY8-16 sequence. b,
Power spectral density of the magnetic signal measured with NV-6.

 

Supplementary Figure 5. Calculated depth of NV-6 as a function of sample thickness for two 

different simulated proton densities. 

 

 

Supplementary Figure 6. Calibration of NV sensing volume. The number of spins that contribute 

to the measured spin-echo signal is 390-400 
1
H nuclei, which corresponds to a volume of 8 nm

3
 

in a region above the diamond surface.  

 

2.4 

 

2.2 

 

2.0 

 

1.8 

390 – 400 nuclear spins make most 
significant contribution 
 

Figure 4-4: Depth calculation. Calculated depth of NV-6 as a function of sample
thickness for two different simulated proton densities.
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transformation of the noise spectral density gives the nuclear spin field fluctuation as:

⟨𝐵(𝑡)𝐵(0)⟩ = ⟨∆𝐵2⟩ =
1

2𝜋

∫︁ ∞

−∞
𝑆(𝜔)e−i𝜔𝑡d𝜔 (4.1)

The measured magnetic field fluctuation then leads to a depth estimate of between

2.1 and 2.3nm for NV-6, depending on the density of the oil fig.4-4).

Measurements were performed at a magnetic field near 616 Gauss, which corresponds

to a hydrogen Larmor frequency of 2.6MHz. About half of the NVs showed a signal

from the hydrogen spins and of these, three NVs showed a significantly stronger

signal (NV-1, NV-6, NV-7). Fig.4-3a shows the echo-decay signal that we obtained

from an XY8-16 sequence for NV-6. The signal is normalized by the Rabi contrast.

Fig.4-3b shows the power spectral density calculated from the experimental data in

fig.4-3a, where a peak at the expected frequency (corresponding to 𝑡=0.19 𝜇s) is

visible. Measurements at different magnetic fields were performed to ensure that this

feature changes frequency in accordance with the gyromagnetic ratio of hydrogen.

 

Supplementary Figure 5. Calculated depth of NV-6 as a function of sample thickness for two 

different simulated proton densities. 

 

 

Supplementary Figure 6. Calibration of NV sensing volume. The number of spins that contribute 

to the measured spin-echo signal is 390-400 
1
H nuclei, which corresponds to a volume of 8 nm

3
 

in a region above the diamond surface.  
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Figure 4-5: Calibration of NV sensing volume. The number of spins that contribute
to the measured spin-echo signal is 390-400 1H nuclei, which corresponds to a volume
of 8nm3 in a region above the diamond surface.

The estimated depths for the most shallow NVs are summarized in Table4.1. To

determine the sensing volume, we plot the detected signal of NV-6 as a function

of the number of nuclear spins (fig.4-5), showing that 390-400 nuclei make the most

significant contribution to the signal. For a proton density of 50nm−3, this corresponds

to a (2 nm)−3 volume above the diamond surface.
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For NV-6, plotted in fig.6-1, we obtain
√︀
⟨∆𝐵2⟩ ≈ 0.072MHz(2.58𝜇T). If we

assume the protons to be homogeneously distributed with a density 𝜌 on the diamond

surface in a layer of thickness ℎ, we obtain the magnetic field sensed by an NV centre

in a depth 𝑟 below the diamond surface by[67]:

√︀
⟨∆𝐵2⟩ = 𝜇𝐻𝜇0

√︂
5𝜌

384𝜋

√︃
1

𝑟3
− 1

(𝑟 + ℎ)3
(4.2)

where 𝜇𝐻 = 1.41 × 10−26J · T−1 is the nuclear magneton of hydrogen and 𝜇0

the vacuum permeability. For a proton density of 50nm−3, and a sample thickness

exceeding 10nm, the measured magnetic field leads to a depth estimate of 2.1nm,

with an error dominated by uncertainty in the oil density (fig.4-4). To determine

the sensing volume, we analysed the signal as a function of number of nuclear spins,

showing that 390-400 nuclei make the most significant contribution to the signal,

corresponding to a volume of 8nm3 above the diamond surface.

Nuclear spin sample

Amorphous silica (SiO2) was then deposited on the diamond surface. Silica was

chosen since it has a low abundance of nuclear spins, 29Si being the most common spin

isotope with 4.67% atomic abundance. Use of a dilute spin sample allows the strong

coupling regime to be attained, since 29Si nuclear spins at the surface experience a

dipolar magnetic field from nearby NV centres, which is stronger than the internuclear

coupling, exceeding even the coupling between 29Si dimers (fig.4-11b). In addition,

the low density of 1 spin nm−3 means on average very few spins are present in the

sensing volume.
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Supplementary Figure 7. The Si-NV spin coupling (blue) compared with the maximum Si-Si 

direct coupling (red) for different values of NV depth from the configurations of 
29

Si positions 

post-selected under the criterion to produce a similar echo decay amplitude as the experimental 

data. 

 

 

Supplementary Figure 8. Comparison of echo decay from oil and silica samples for NV-6. The 

echo signal obtained from oil for an XY8-32 measurement at a magnetic field of 0.044 mT is 

plotted in blue. The echo signal obtained from silica for an XY8-64 measurement at a magnetic 

field of 0.194 mT is plotted in red. The data has been offset on the vertical scale for clarity. 

 

 400 = 20 proton moments 

6 Si moments 

Figure 4-6: The Si-NV spin coupling (blue) compared with the maximum Si-Si direct
coupling (red) for different values of NV depth from the configurations of 29Si positions
post-selected under the criterion to produce a similar echo decay amplitude as the
experimental data.

 

Supplementary Figure 7. The Si-NV spin coupling (blue) compared with the maximum Si-Si 

direct coupling (red) for different values of NV depth from the configurations of 
29

Si positions 

post-selected under the criterion to produce a similar echo decay amplitude as the experimental 

data. 

 

 

Supplementary Figure 8. Comparison of echo decay from oil and silica samples for NV-6. The 

echo signal obtained from oil for an XY8-32 measurement at a magnetic field of 0.044 mT is 

plotted in blue. The echo signal obtained from silica for an XY8-64 measurement at a magnetic 

field of 0.194 mT is plotted in red. The data has been offset on the vertical scale for clarity. 

 

 400 = 20 proton moments 

6 Si moments 

Figure 4-7: Comparison of echo decay from oil and silica samples for NV-6. The echo
signal obtained from oil for an XY8-32 measurement at a magnetic field of 0.044mT
is plotted in blue. The echo signal obtained from silica for an XY8-64 measurement
at a magnetic field of 0.194mT is plotted in red. The data has been offset on the
vertical scale for clarity.
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4.3 Measuring protocols

The XY8 decoupling sequence

In the beginning of the sequence the NV center spin is polarized by green laser

light (532nm) to the |0⟩ state. A following microwave 𝜋
2

pulse initializes the NV

spin into a coherent superposition state (|𝑚𝑠 = 0⟩ + |𝑚𝑠 = −1⟩)/
√

2. During the

dynamical decoupling part (XY8), the NV spin acquires a relative phase ∆𝜙 as (|𝑚𝑠 =

0⟩+eiΔ𝜙|𝑚𝑠 = −1⟩)/
√

2. In the end a second microwave 𝜋/2 pulse converts the phase

into a population difference, which can be read-out by another laser pulse.

Supplementary Figures 

   

Supplementary Figure 1. Creation of shallow NV centers. (a) SRIM simulation of implantation 

depth for N
+
 ions with an acceleration energy of 2.5 keV. (b) 2.5 keV, N

+
 implanted area, 

showing the measured NVs (NV3 and NV9 are out of the scanning area here). 

 

 

Supplementary Figure 2. Schematic of the XY8-K sequence used for measuring nuclear magnetic 

fields with shallow NV centers. K numbers of   pulses are applied to the NV center, where the 

relative phase of the pulses is adjusted by 0° or 90° depending on whether it is a    or    pulse. 

 

Figure 4-8: Schematic of the XY8-K sequence used for measuring nuclear magnetic
fields with shallow NV centers. K numbers of pulses are applied to the NV center,
where the relative phase of the pulses is adjusted by 0· or 90· depending on whether
it is a or pulse.

The XY8-𝐾 sequence [148] itself consists of equally spaced 𝜋 pulses along the x

and y axes (fig.4-8):

𝜋𝑥 − 𝜏 − 𝜋𝑦 − 𝜏 − 𝜋𝑥 − 𝜏 − 𝜋𝑦 − 𝜏 − 𝜋𝑦 − 𝜏 − 𝜋𝑥 − 𝜏 − 𝜋𝑦 − 𝜏 − 𝜋𝑥 (4.3)

The number 𝐾 is the total number of 𝜋 pulses for the whole sequence, where the

basic XY8 unit is repeated several times. The XY8 sequence suppresses the effect

of magnetic field fluctuations except those with frequency 𝜔
2𝜋

= 1
2𝜏

(or more precisely

𝜔 = 𝜋
𝑚𝜏

with 𝑚= 1, 3, 5. . .). By changing the time 𝜏 we can tune the detection

frequency to the Larmor frequency of the sample spins (1H, 29Si). After repeating

the experiment a large number of times, the averaged random phase ⟨∆𝜙2⟩ leads to
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an observable echo decay as [149]:

𝑊 (𝜏) = exp(−⟨∆𝜙
2⟩

2
) = exp(−𝜒(𝜏)),with𝜒(𝜏) = 𝛾2𝑁𝑉

∫︁ ∞

0

d𝜔
𝜋
𝑆(𝜔)

𝐹 (𝜔𝜏)

𝜔2
(4.4)

where a factor of 2 comes from the integral extending from 0 → ∞, 𝛾2𝑁𝑉 is the NV

gyromagnetic ratio, 𝑆(𝜔) is the power spectral density of the magnetic field signal:

𝑆(𝜔) =

∫︁ ∞

−∞
⟨𝐵(𝑡)𝐵(0)⟩ei𝜔𝑡d𝑡 (4.5)

and 𝐹 (𝜔𝜏) is the filter function obtained by application of the XY8-𝐾 sequence [149]:

𝐹 (𝜔𝜏) = 8 sin4(
𝜔𝜏

4
) sin2(

𝜔𝐾𝜏

2
)/ cos2(

𝜔𝜏

2
) (4.6)

The noise power spectrum can be obtained from the measured echo decay by deconvolution

of the signal from the filter function. For high orders of the XY8-𝐾 sequence this

filter function can be approximated by a stepwise discrete function:

𝐹 (𝜔𝜏) =

⎧⎨⎩ 2𝐾2, 𝜔
2𝜋
∈ [ 1

2𝜏
− 1

2𝐾𝜏
, 1
2𝜏

+ 1
2𝐾𝜏

];

0, otherwise.
(4.7)

The linewidth of the filter function is therefore given by ∆𝜔 ≈ 2𝜋
𝐾𝜏

. To show how the

linewidth varies with increasing number of 𝜋-pulses, different XY8-𝐾 measurements

were performed while applying an artificial noise of 3MHz, which corresponds to the

hydrogen Larmor frequency at a magnetic field of around 700G in fig.4-9.

With this approximation for the filter function, the echo decay factor can be

written as:

𝜒(𝜏) = 𝛾2𝑁𝑉

∫︁ ∞

0

d𝜔
𝜋
𝑆(𝜔)

𝐹 (𝜔𝜏)

𝜔2
= 𝜒(𝜏) = 𝛾2𝑁𝑉

4𝐾𝜏

𝜋2
𝑆(𝜔 =

𝜋

𝜏
) (4.8)

and therefore we estimate the power spectral density of the magnetic field fluctuation

as follows:

𝑆(𝜔 =
𝜋

𝜏
) =

1

𝛾2𝑁𝑉

𝜋2

4𝐾𝜏
𝜒(𝑡 = 𝐾𝜏) (4.9)
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Supplementary Figure 3. The measured NV echo signal after running different XY8-K sequences 

while applying artificial noise at 3 MHz. The full width at half maximum reduces from 

approximately 40 kHz for XY8-64 to 10 kHz for XY8-512. 

 

      

Supplementary Figure 4. Estimation of measured magnetic field from XY8-16 measurement. (a) 

Echo decay for NV-6 after running the XY8-16 sequence. (b) Power spectral density of the 

magnetic signal measured with NV-6. 

 

 

Frequency (MHz) 

Figure 4-9: The measured NV echo signal after running different XY8-𝐾 sequences
while applying artificial noise at 3MHz. The full width at half maximum reduces from
approximately 40kHz for XY8-64 to 10kHz for XY8-512.

 

Supplementary Figure 9. Numerical simulations of the signal measured by a single NV center 

placed at two nanometers and four nanometers distance from 50 completely unpolarised and 

completely polarized 
29

Si nuclear spins. The signal is simulated for the XY8-64 pulse sequence.  

 

            

Supplementary Figure 10. Determination of the background noise spectrum from XY8-64 

measurement. (a) The estimated power spectra density of the background noise from XY8-64 

data. (b) The XY8-64 echo decay reproduced from the estimated background noise spectrum 

(red) as compared with the experimentally observed echo decay (green). 

 

ω 

ω
 

Figure 4-10: Determination of the background noise spectrum from XY8-64
measurement. a, The estimated power spectra density of the background noise
from XY8-64 data. b, The XY8-64 echo decay reproduced from the estimated
background noise spectrum (red) as compared with the experimentally observed echo
decay (green).

We separate the contribution from the 29Si and the background noise to the echo

decay as

𝑊 (𝜏) = e𝜒(𝑘𝜏) (4.10)

where

𝜒(𝜏) = 𝜒𝑆𝑖(𝜏) + 𝜒𝑏𝑔(𝜏) (4.11)
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which gives the experimental measured signal

𝐶(𝜏) =
1

2
[1 + e−𝜒𝑆𝑖(𝜏)e−𝜒𝑏𝑔(𝜏)] (4.12)

The background noise results in the overall decay for all values of 𝜏 , while the dip in

the signal indicates the contribution from 29Si. From the experiment data, we first

extract the power spectra of the background noise by the deconvolution method as

explained in the previous section, the result is shown in fig.4-10.

Protocols in our experiment
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Figure 4-11: NMR of 29Si nuclei with a strongly coupled sensor. a, Schematic
of the experimental setup. Dilute, unpolarized nuclear spins in a silica layer interact
with an electronic spin in a (100)-surface diamond, which is readout with optical
microscopy. b, Schematic of strong coupling regime. A shallow NV centre in diamond
(2nm from the surface) couples to nearby 29Si nuclei in a silica layer, due to hyperfine
interaction. The contour lines show the strength of the effective magnetic gradient
experienced by the nuclear spins. c, Measured 29Si NMR signal as a function of
applied magnetic field, using the XY8-K decoupling sequence. The detected signal has
a slope of 0.847(1) kHzG−1 in agreement with the gyromagnetic ratio for 29Si (solid
line). The systematic shift of the detected frequency is due to the finite temporal
length of decoupling pulses on the NV sensor. d, Measured echo dip for NV centres
at different magnetic fields. The signal dependence on the decoupling pulse number
can be seen by comparing the data sets at 1894, 1951 and 2044 Gauss (64 pulse
acquisition), to the data set at 1993 Gauss (128 pulse acquisition). Higher-order
pulses produce a narrower signal with a stronger dip, up to the decoherence time.
Fluorescence contrast has been normalized to the level corresponding to a complete
NV spin flip. Measurements at 1894, 1993 Gauss were performed on NV-6 with a
nominal depth of 2.1nm, measurements at 1951, 2044 Gauss were performed on NV-7
with a depth of 2.3nm.
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To detect hyperfine interaction between the NV defect and 𝑁 unpolarized nuclei,

we bring the NV spin into resonance with nuclear spins, and then read the phase

acquired by the NV due to interaction with the nuclei. Nuclear evolution is governed

by the Hamiltonian:

𝐻 = 𝜔𝐿

𝑁∑︁
𝑛

𝐼𝑍
𝑁 + 𝑆𝑍

𝑁∑︁
𝑛

(𝛼𝑛𝐼
𝑍
𝑛 + 𝛽𝑛 · 𝐼⊥

𝑛 ) (4.13)

where 𝑆𝑖 and 𝐼𝑖 are the NV electron and 29Si nuclear spin operators respectively,

𝜔𝐿 is the Larmor frequency, and 𝛼, 𝛽 are the parallel and perpendicular components

of the hyperfine coupling. The hyperfine interaction (second term of equ.4.13) is zero

for NV in the |𝑚𝑠 = 0⟩ state of the magnetic ground-state triplet, whereas for the

NV |𝑚𝑠 = −1⟩ state, each nuclear spin rotates about an axis set by the vector sum of

the external magnetic field and the positional-dependent hyperfine field. By repeated

adjustments of the NV spin state in synchrony with nuclear evolution, the nuclear

trajectory can be tailored to allow a complete flip, (in concert with an NV flop)–in

effect, amplifying the conditional interaction. The rate of this rotation is given by

the perpendicular component (𝛽) of the hyperfine interaction, and we emphasize that

rotation occurs independently of whether the nucleus was initially spin up or spin

down. For several nuclei each with individual coupling rates, the dynamics of the

sensor become complex; however, in the short time limit investigated here, the overall

signal closely approximates a linear sum of individual contributions. The particular

pulse sequence we used to adjust the NV spin state in time with nuclear evolution

was the XY8-K pulse sequence, as it is robust against pulse errors[148]. The optimum

timing of pulses on the NV spin to produce a spin flip is given by

𝜏 = (2𝑚− 1)/2𝑓𝑛 = (2𝑚− 1)𝜋/(𝜔𝐿 + 𝛼𝑛) (4.14)

where 𝑚=1, 3, 5 ..., arises due to the periodicity of the rotation–referred to as

the order of the dip[61], and 𝑓𝑛 is the frequency of each nuclear spin, which may be

shifted from the bare Larmor frequency by hyperfine interaction with the NV spin.

Dynamical decoupling also protects the NV from unwanted spin noise, in particular
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at high fields where the decoupling pulses are dense, and for this reason, we operated

at magnetic fields of 0.2T.

4.4 NMR spectroscopy of few nuclear spins

In fig.4-11c,d, we plot the measured XY8 spin echo for NV spins below the silica

interface, which shows a clear dip near the 29Si Larmor frequency, due to the relative

phase acquired by the NV. Analysis of the signal strength gives agreement for interaction

with six to eight nuclear spins, where we have taken into account the depth of the NV

centres and the expected 29Si density. We have verified with the parameters in our

experiments (𝜔𝐿 ≫ 𝛼𝑛, 𝛽𝑛), that the dependence of the signal on the 29Si nuclear spin

polarization is negligible, thus demonstrating a new detection regime of NMR. We

are also able to estimate the coupling strength between NV and nuclei from the signal

contrast over the measurement time. The 8% contrast we obtain over the interaction

time (19𝜇s) gives an average coupling strength to individual nuclei on the order of

3kHz, consistent with the perpendicular component of the hyperfine interaction for a

separation between NV electron spin and 29Si nuclear spins of 2nm.

Silicon in the SiO2 sample has a 4.67% abundance of 29Si with a nearest possible

distance about 0.3nm. Based on the information about the depth of NV-7 from the

proton data, we calculate the Si-NV coupling strength, as shown in fig.4-6, which is

shown to be much larger than the largest possible Si-Si coupling (about 0.17 kHz for

the nearest distance coupling of 0.306nm).

As a first estimation of the number 29Si spins we detect, we compare the echo

signal detected from the silica layer with the echo signal detected from the oil. The

echo amplitudes are plotted in fig.4-7, they have been normalized to enable a direct

comparison of the signal strength. We note that the signal from 29Si has been detected

using an XY8-64 pulse sequence, whereas the 1H signal was obtained with an XY8-32

pulse sequence. The magnetic field was adjusted so that the Larmor frequency of both

species was comparable for each measurement. We find that the magnetic signal is

a factor of 4 weaker from the silica layer, where we have taken into account the
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difference in gyromagnetic ratios of the nuclear species, experimental pulse number

and Larmor frequency to make the comparison. This gives an initial estimate that

the signal measured for NV-6 arises from interaction with 6 silicon nuclear spins.

Calibration for NV-7 gives an interaction with 8 silicon nuclear spins.

Echo decay from 29Si nuclear spins

Since the interaction between 29Si nuclear spins is much weaker than the interaction

between the NV spin and 29Si nuclear spins (see fig.4-6), we can neglect it. Suppose

the NV spin is in the state |𝑚𝑠 = 0⟩ or |𝑚𝑠 = −1⟩, its quantum number will not

change during the evolution. The Hamiltonian of the NV spin coupled to a single 29Si

nuclear spin at arbitrary location (𝑋, 𝑌, 𝑍) with respect to the NV spin is given by

H = 2𝜋𝜔𝐿I𝑍 +
𝜇0𝛾𝑁𝑉 𝛾𝑆𝑖~2

4𝜋𝑑3
S𝑍(I𝑍 −

3𝑍

𝑑3
[I𝑋𝑋 + I𝑌 𝑌 + I𝑍𝑍]) (4.15)

where 𝜇0 is the vacuum permeability, 𝛾𝑁𝑉 , 𝛾𝑆𝑖 are the NV and nuclear gyromagnetic

ratios, 𝑑 is the distance between the NV and nuclear spins, and S𝑖, I𝑖 are the

NV electron and 29Si nuclear spin operators respectively. The second term of the

Hamiltonian can be rewritten as

𝜇0𝛾𝑁𝑉 𝛾𝑆𝑖~2

4𝜋𝑑3
S𝑍(I𝑍(1− 3 cos2 𝜃)− 3𝑍

𝑑3
[I𝑋𝑋 + I𝑌 𝑌 ]) (4.16)

where 𝜃 is the angle between the z-axis and the vector connecting the NV and nuclear

spin. The first term gives the parallel component of the hyperfine interaction, and

the second term gives the perpendicular component. By summing over nuclear spins

and writing compactly I⊥𝑛 ≡ (I𝑋 , I𝑌 ) we obtain the formula

𝐻 = 𝜔𝐿

𝑁∑︁
𝑛

𝐼𝑍
𝑁 + 𝑆𝑍

𝑁∑︁
𝑛

(𝛼𝑛𝐼
𝑍
𝑛 + 𝛽𝑛 · 𝐼⊥

𝑛 ) (4.17)

The 29Si nuclear spins evolve according to the Hamiltonian conditional on the

NV spin quantum number 𝑚𝑠, and the corresponding free evolution during time 𝜏 is
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𝑈𝑚𝑠 = exp(−i𝜏𝐻). It can be shown that the echo decay can be obtained as follows

𝑊 (𝜏) = ℜTr(𝑉0𝑉
†
−1𝜌), (4.18)

where 𝑉0 = (𝑈0𝑈−1𝑈−1𝑈0)
4 and 𝑉−1 = (𝑈−1𝑈0𝑈0𝑈−1)

4, and 𝜌 is the initial state of 29Si

nuclear spins. At room temperature 29Si nuclear spins have negligible polarization and

thus =
⨂︀

𝑛(1
2
)𝑛. The echo decay arises from the destructive interferences of different

evolution path from individual 29Si nuclear spins, even when there is no net 29Si

nuclear spin polarization. Considering the simplest case of one single unpolarized 29Si

nuclear spin, and assuming that this 29Si nuclear spin is in the state |𝐼⟩, where |𝐼⟩ =

| ↑⟩ or | ↓⟩, the initial state of the combined system of the NV spin and 29Si nuclear

spin is (|𝑚𝑠 = 0⟩|𝐼⟩+|𝑚𝑠 = −1⟩|𝐼⟩)/
√

2. After the evolution during the XY8-𝐾 pulse

sequence, the state becomes (|𝑚𝑠 = 0⟩𝑉0|𝐼⟩ + |𝑚𝑠 = −1⟩𝑉−1|𝐼⟩)/
√

2, and thus the

echo signal is 𝑊 𝛽
𝑛 (𝜏) = ℜ(Tr⟨𝛽𝐼|𝑉0𝑉 †

−1|𝐼⟩), where 𝛽 is the perpendicular component

of the hyperfine interaction. For unpolarized 29Si nuclear spins, the echo signal is

given by 𝑊𝑛(𝜏) = 1
2
ℜ(Tr⟨↑ |𝑉0𝑉 †

−1| ↓⟩+ Tr⟨↓ |𝑉0𝑉 †
−1| ↑⟩). With the parameters in our

experiments (𝜔𝐿 ≫ 𝛼𝑛, 𝛽𝑛), we have verified that the dependence of the signal on the
29Si nuclear spin polarization (along the direction parallel to the magnetic field) is

negligible. See fig.4-12 for results of numerical simulations of the signal measured by

an NV center near to completely polarized and completely unpolarised 29Si nuclear

spins, the signal is identical for each case.

4.5 Magnetic resonance imaging of individual nuclear

spins

To resolve the hyperfine couplings of individual 29Si nuclei, we increased the number of

decoupling pulses, thereby improving the spectral resolution. For a classical spin bath

where a large number of equivalent spins interact weakly with the NV centre[29, 30],

the echo dip is centred at the nuclear Larmor frequency, and its width, ∆𝜔 scales with

the sensitivity function of the echo, ∆𝜔/2𝜋 ≈ 1/𝐾𝜏 , where 𝐾 is the total number of
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Supplementary Figure 9. Numerical simulations of the signal measured by a single NV center 

placed at two nanometers and four nanometers distance from 50 completely unpolarised and 

completely polarized 
29

Si nuclear spins. The signal is simulated for the XY8-64 pulse sequence.  

 

            

Supplementary Figure 10. Determination of the background noise spectrum from XY8-64 

measurement. (a) The estimated power spectra density of the background noise from XY8-64 

data. (b) The XY8-64 echo decay reproduced from the estimated background noise spectrum 

(red) as compared with the experimentally observed echo decay (green). 

 

ω 

ω
 

Figure 4-12: Numerical simulations of the signal measured by a single NV center
placed at two nanometers and four nanometers distance from 50 completely
unpolarised and completely polarized 29Si nuclear spins. The signal is simulated
for the XY8-64 pulse sequence.

pulses. However, in the case of strong interaction between nuclei and electron spin

sensor, individual nuclei become detuned and the width of the echo dip is given by the

inhomogeneous broadening resulting from the field gradient created by the electron

spin[60, 62, 139]. Here we use the 0.05 mT nm−1 magnetic gradient at separations of

2nm between the atomic scale NV sensor and silicon spins, as a unique opportunity

for nanoscale imaging.

Under higher-order decoupling, inhomogeneous broadening of the NMR signal

becomes apparent (fig.4-13a), but broad-band magnetic noise prevented observation

of full electron-nuclear flip-flops and thus fully resolved lines. We were nevertheless

able to gain deeper insight into the location and detuning of individual nuclear spins

by employing advanced methods from signal processing. Indeed, the frequencies

of individual nuclei while not being immediately resolvable can be extracted using

the superresolution properties of basis pursuit de-noising[150]. Fig.4-13b shows the

obtained spectral decomposition of the contributing nuclear spins and their hyperfine

coupling parameters, suggesting that four nuclei account for more than 50% of the

signal (fig.4-13), which is of comparable size to many chemical functional groups and

below the size of a small amino acid.

76



����� ���� ����� ���� �����
	���

	��


	���

	��

	���

	���

�����
������

����������������������
������ ��� �����!� �"
#���$�������%��%��&

#��'%��()�$�*+&

#�
%�

��
�(
��

(�
��
��
��

�

�� ��

����
� ����� ������ �����

	�	�

	��

	���

	��

	���

�,,�(��-��.������,��'%��()�$�*+&

/
��
��
��(
��
���
�%
���
�

Figure 4-13: NV gradient separation of individual 29Si nuclei. a, Under
high-order decoupling (XY8-512 pulse sequence), inhomogeneous broadening of the
29Si NMR line due to the NV magnetic gradient can be observed. The expected
line width of the XY8-512 sequence for weakly interacting nuclear spins is shown
as the black dotted line with a FWHM of 6kHz. The blue solid line is the best
fit to the data using basis pursuit showing an additional broadening of 4kHz. b,
Using BPDN, we calculate the Larmor frequency and relative contribution of 50
nuclear spins comprising the total signal. These are plotted individually, with the
four strongest highlighted, which contribute to more than 50% of the signal.

To demonstrate how structural information and imaging may be obtained, we

plot the best fit locations of silicon nuclei as recovered from BPDN (fig.4-17a). The

two-component (𝛼, 𝛽) anisotropy of the hyperfine interaction allows assignment of a

unique location for each nuclear spin up to one degree of circular symmetry, with

respect to the NV axis. Despite the extra degree of freedom, we are still able

to estimate the location of two nuclei with an uncertainty below 0.2 nanometres .

Techniques which break the circular symmetry and longer data acquisition times can

be used to reduce the spatial resolution below one Angstrom.

Basis pursuit analysis

BPDN determines signal representations from overcomplete dictionaries of signal

forms by convex optimization[150]. The total signal, 𝜒(𝜏) we observe, arises from
29Si nuclei and background noise (fig.4-10), namely 𝜒(𝜏) = 𝜒𝑆𝑖(𝜏) + 𝜒𝑏𝑔(𝜏), with the

total contribution from 29Si nuclei, 𝜒𝑆𝑖(𝜏) being summed over all N individual nuclei,

𝜒𝑆𝑖(𝜏) =
∑︀𝑁

𝑛 𝜒
(𝑛)
𝑆𝑖 . To perform this analysis, we assume that the contribution of
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individual 29Si takes the form of a normalized filter function:

𝜒
(𝑛)
𝑆𝑖 (𝜏) =

4

𝐾2
sin4(

𝜔𝑛𝜏

4
) sin2(

𝜔𝑛𝐾𝜏

2
)/ cos2(

𝜔𝑛𝜏

2
) (4.19)

which is based on the assumption that each individual 29Si generates a magnetic field

with a delta (effective Larmor) frequency 𝜔𝑛. An exact numerical simulation using

the full Hamiltonian suggests that the shape of the above basis function agrees very

well with the shape of the echo decay caused by a single 29Si with a typical distance of

2-3nm to the NV centre. The experimental data provide us with a series of function

values for the echo decay 𝐶exp(𝜏). The task that BPDN solves is to reproduce the

observed signal to a desired precision using a superposition of the smallest number

of dictionary elements (that is, 29Si nuclear spins). That is we solve the optimization

problem

min
𝑏𝑀≥𝑏≥0

1

2
‖1

2
[1 + e−

∑︀𝐽
𝑗=1 𝑏𝑗𝜒

(𝑗)
𝑆𝑖 e−𝜒𝑏𝑔(𝜏)]− 𝐶exp(𝜏)‖22 + 𝜆

𝐽∑︁
𝑗=1

|𝑏𝑗|, (4.20)

where 𝑏𝑗≥0 quantifies the contribution of each basis function to the total signal and

can be identified with perpendicular component of the hyperfine coupling by a scaling

factor, 𝑏𝑀 is the maximum value 𝑏𝑗 may take, given an NV depth of 2nm. The value

of 𝜆 determines how well the fitting data should agree with the experiment data, and

𝐽 is the number of basis functions. We chose 𝐽=30, meaning we take into account 30

spins to describe the signal. From the silica density, this gives a contributing volume

of 25-30nm3 much greater than the sensing volume, and beyond this distance, the

strong coupling regime no longer holds. Using BPDN, we are able to reproduce the

experimental data with very good agreement. For a smaller value of 𝜆, the solution

becomes close to the exact basis pursuit, and the fitting shows better agreement with

the experiment (see fig.4-14).

The estimation of the number of 29Si that produce the observed signal is robust

when varying the parameter 𝜆 in BPDN as long as the fitting is above a certain

confidence level.We have verified the validity of the optimal values of 𝑏𝑛 and 𝜔𝑛
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obtained: the amplitudes 𝑏𝑛 are consistent with a distance to the NV centre of around

2nm and the distribution of 𝜔𝑛 that make largest contribution are within a few kHz.

Analysis of the echo decay by basis pursuit

 

Supplementary Figure 13. The XY8-512 echo decay caused by 
29

Si as a function of the 

corresponding magnetic field fluctuation. 

 

 

 

Supplementary Figure 14. The measured signal of experiment with XY8-512 sequence (blue) 

compared with the fitting data from the basis pursuit denoising (BPDN) analysis with different 

accuracy control parameter  . 
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Figure 4-14: The measured signal of experiment with XY8-512 sequence (blue)
compared with the fitting data from the basis pursuit denoising (BPDN) analysis
with different accuracy control parameter 𝜆.

 

Supplementary Figure 13. The XY8-512 echo decay caused by 
29

Si as a function of the 

corresponding magnetic field fluctuation. 

 

 

 

Supplementary Figure 14. The measured signal of experiment with XY8-512 sequence (blue) 

compared with the fitting data from the basis pursuit denoising (BPDN) analysis with different 

accuracy control parameter  . 
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Figure 4-15: The XY8-512 echo decay caused by 29Si as a function of the
corresponding magnetic field fluctuation.

The experimental signal obtained after XY8-512 is plotted in fig.4-14 and also in

fig.4-13 . Note that the measured quantity is the population of the complementary

state, denoted as 𝑃 (𝜏). The echo decay thus is 𝐶(𝜏) = 1 − 𝑃 (𝜏). The obtained

signal in fig.4-14 is inhomogenously broadened compared to the linewidth of the
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filter-function (see equ.4.3 and fig.4-9) due to the NV magnetic gradient. For the

data analysis we employ the method of basis pursuit denoising. We show in fig.4-14),

the effect of varying the parameter 𝜆 on the fit to experimental data. The fit from

BPDN agrees well with the data and is robust when varying 𝜆.In the strong coupling

regime, there is no longer a one-to-one correspondence between the magnetic field

from a single nuclear spin and the echo signal. We show this graphically in fig.4-15,

highlighting that as the measurable field increases (by bringing the 29Si closer to the

NV), the echo amplitude diverges.

To quantify the contribution of individual spins to the overall echo decay we sort

the contribution 𝜒(𝑗)
𝑆𝑖 of individual 29Si in descending order, and define the combined

contribution by the first 𝐾𝜖
29Si to the contrast of the echo signal as

𝑝(𝐾𝜖) = 𝑆𝛼([1, 𝐾𝜖])/𝑆𝛼([1, 𝐽 ]) (4.21)

where 𝑆𝛼([1, 𝐾𝜖]) represents the integral area of the signal contributed by the nuclear

spins in the set of [1, 𝐾𝜖] and 𝑆𝛼([1, 𝐽 ]) is the integral area of the total signal contributed

by all nuclear spins.

The results are plotted in fig.4-7a, from which we estimate that 6-7 29Si make the

most significant contribution (above 70%) to the echo signal (i.e.𝑝(𝐾𝜖) ≥ 70%), The

estimation for the minimum number of 29Si, which may result in the observed signal,

is quite robust when varying the parameter 𝜆 in BPDN as long as the fitting is above

a certain confidence level. In fig.4-7b we plot to contribution of seven nuclei to the

signal, showing close resemblance to the total signal.

Recovery of nuclear positions by basis pursuit

The stability of basis pursuit in the presence of noise has been demonstrated mathematically

in ref.[151]. Here we provide an illustrative example of the super-resolution properties

of basis pursuit denoising, i.e. that frequency components may be recovered with

a higher resolution than given by the measurement linewidth. Indeed, detailed

information on the location of the spins contributing to the signal shown in fig.4-13a
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may be obtained, despite the noisy and rather featureless lineshape.

 

Supplementary Figure 15. Contribution of nuclear spins to NMR signal as recovered from basis 

pursuit. (a) The overall contribution  (  ) of the first    nuclei that contribute most significantly 

the contrast of the echo signal as a function of   . (b) The estimated value of    as a function of 

the accuracy control parameter  used in the basis pursuit denoising (BPDN) analysis. 

 

 

Supplementary Figure 16. An example of the super-resolution properties of basis pursuit. (a) The 

summed signal from four Lorentzian functions, with Gaussian noise of variance of 0.005 

(corresponding to 10% of the signal amplitude) added, is plotted along with the individual 

functions. Each Lorentzian is an approximation to the signal produced by a single nuclear spin. 

(b) Histogram of the reconstructed line positions obtained by basis pursuit analysis of 5000 

datasets produced in an identical fashion to Supplementary Figure 15a. The obtained line 

positions are in good agreement to the real line position of the contributing Lorentzian functions, 

with an error in the obtained line position (at the one standard deviation level), well below the 

linewidth of each Lorentzian. 

 

Figure 4-16: An example of the super-resolution properties of basis pursuit.
a, The summed signal from four Lorentzian functions, with Gaussian noise of variance
of 0.005 (corresponding to 10% of the signal amplitude) added, is plotted along with
the individual functions. Each Lorentzian is an approximation to the signal produced
by a single nuclear spin. b, Histogram of the reconstructed line positions obtained by
basis pursuit analysis of 5000 datasets produced in an identical fashion to Figure4-7a.
The obtained line positions are in good agreement to the real line position of the
contributing Lorentzian functions, with an error in the obtained line position (at the
one standard deviation level), well below the linewidth of each Lorentzian.

In fig.4-16a, we plot the combined signal produced by four Lorentzian functions

with comparable noise and resolution to the dataset of fig.4-13a. The resulting signal

appears featureless and with a linewidth much greater than each of the component

signals. In fig.4-16b, we plot a histogram of the determined line centers that were

obtained from basis pursuit analysis of 5000 realisations of the same Lorentzian

functions (with independent, randomly generated noise for each dataset). The results

of the basis pursuit analysis show that, in general the line position can be found very

accurately. The standard deviation of the obtained line position is well below the

individual Lorentzian linewidth and the mean value is centered on each line position.

4.6 Single nuclear spin sensitivity

The signal-to-noise ratio of the experiments presented here reaches the ultimate

sensitivity limit of NMR spectroscopy (fig.4-17b). We show that for a single point
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Figure 4-17: Imaging of nuclear positions and single spin sensitivity. a,
The best fit locations of the four strongest contributing 29Si nuclei as obtained from
basis pursuit are shown as the coloured arcs (colour corresponds with Fig.4-13b). A
representative position of each spin is denoted with a filled ball, and the positional
uncertainty in the 𝑥 and 𝑧 directions is given by the size of the ball. Maximal
uncertainties from BPDN are ∆𝑥 = ±0.2nm, ∆𝑧 = ±0.1nm. The circular symmetry
of the field pattern greatly increases the uncertainty around the azimuthal angle, here
it is limited by intersection with the diamond surface; as a result, the resolution in y
is 0.1nm for the nearest spin and increases to 0.5nm for the furthest spin (see Note
9). The surface of the hyperfine pattern with a strength equal to the signal plotted
in b is shown in grey. b, Expected NMR signal for the case of a single 29Si nuclear
spin on the surface of the 0.5nm3 volume shown in a. The signal exceeds the shot
noise limit by more than two s.d. values for a 9.7s acquisition per time point (dark
circles).
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measurement time of 10s, the signal from a single nuclear spin exceeds shot noise

by more than two s.d. values. With a sensing volume on the order of a cubic

nanometre and single spin sensitivity, the direct discrimination of single molecules

based on differences of one atom at a functional site appears feasible. As further

confirmation of detection in the strong coupling regime, we note the scaling of the

signal with distance from diamond surface 𝑟 is also stronger than the classical case,

closely following 𝑟3 behaviour.

Calculation of the magnetic field fluctuation from 29Si

      

Supplementary Figure 11. NMR signal dynamics as a function of nuclear spin interactions and 

NV depth. (a) Comparison of the calculated echo decay for a XY8-512 sequence including (blue) 

and not including (red) Si-Si interactions on a NV center at a depth of 2.1 nm. (b) The echo decay 

amplitude as a function of NV center depth, r. 

 

 

Supplementary Figure 12. The scaling of the XY8-128 signal contrast as a function of the number 

of interaction nuclear spins, in the strong coupling regime. We assume that the coupling between 

the NV spin and the nuclear spin is 3 kHz, which is twice as strong as the nuclear-nuclear spin 

interaction (1.5 kHz). The nuclear Larmor frequency is set as 1 MHz.  
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Figure 4-18: NMR signal dynamics as a function of nuclear spin interactions
and NV depth. a, Comparison of the calculated echo decay for a XY8-512 sequence
including (blue) and not including (red) Si-Si interactions on a NV center at a depth
of 2.1nm. b, The echo decay amplitude as a function of NV center depth, 𝑟.

The magnetic field fluctuation acting on the NV center is

⟨∆𝐵2⟩1/2 =

√︃∑︁
𝑖

𝐵2
rms,𝑖 (4.22)

and the echo decay is

𝐶(𝜏) =
1

2
[1 +𝑊 (⟨∆𝐵2⟩1/2)𝑊bg(𝜏)]]

1

2
[1 +𝑊𝑆𝑖(𝜏)𝑊bg(𝜏)] (4.23)

From fig.4-18a we see that the effect of Si-Si interactions to the total echo amplitude
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is negligible for a shallow NV center and therefore we did not take those interactions

into account in the following analysis. Fig.4-18b shows how the echo decay amplitude

decreases strongly with increasing NV center depth. The form of the decay amplitude

is in close agreement to an 𝑟−3 curve which is expected for an NV center strongly

coupled to individual nuclei, rather than 𝑟−3/2 for an NV center interacting with a

bath of spins in the half-plane.
      

Supplementary Figure 11. NMR signal dynamics as a function of nuclear spin interactions and 

NV depth. (a) Comparison of the calculated echo decay for a XY8-512 sequence including (blue) 

and not including (red) Si-Si interactions on a NV center at a depth of 2.1 nm. (b) The echo decay 

amplitude as a function of NV center depth, r. 

 

 

Supplementary Figure 12. The scaling of the XY8-128 signal contrast as a function of the number 

of interaction nuclear spins, in the strong coupling regime. We assume that the coupling between 

the NV spin and the nuclear spin is 3 kHz, which is twice as strong as the nuclear-nuclear spin 

interaction (1.5 kHz). The nuclear Larmor frequency is set as 1 MHz.  
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Figure 4-19: The scaling of the XY8-128 signal contrast as a function of the number of
interaction nuclear spins, in the strong coupling regime. We assume that the coupling
between the NV spin and the nuclear spin is 3kHz, which is twice as strong as the
nuclear-nuclear spin interaction (1.5kHz). The nuclear Larmor frequency is set as
1MHz.

In addition we find that for short interaction times (𝜏 < 1/𝛽𝑛) the signal contrast,

1−𝑊𝑆𝑖 scales linearly with the number of interacting spins (fig.4-19). As the decay

amplitude also depends on the precise location of each nuclear spin due to the spatial

anisotropy of the hyperfine interaction (see fig.4-15), we assume that each nuclear

spin has the same coupling to the NV center. In fig.4-19, we plot the signal contrast

obtained from the full Hamiltonian of the NV spin and the nuclear spins, including

the interaction between nuclear spins, which are assumed to be weaker than the

interaction between the NV spin and the nuclear spins. The overall signal scales

linearly with the number of nuclear spins, i.e. it is the sum of the signal from

individual nuclear spins.

84



 

Supplementary Figure 17. Estimated nuclear location uncertainties. (a) The calculated location of 

each 
29

Si spin for an uncertainty in the BPDN fit frequency of 0.5 kHz and an uncertainty in 

amplitude of 0.2. Each fitted value of hyperfine coupling is then compared with a simulation of 

spins randomly located around the NV center to determine the location. (b) The azimuthal 

uncertainty in the position of each nuclear spin is shown as an arc above the diamond surface. 

The circular pattern arises from the circular symmetry of the hyperfine interaction. We obtain a 

resolution of (           )  (0     0     0 0   ) for the closest spin and a resolution of 

(           )  (0 4   0 4   0 0   ) for the furthest spin. 

 

  

Figure 4-20: Estimated nuclear location uncertainties. a, The calculated
location of each 29Si spin for an uncertainty in the BPDN fit frequency of 0.5 kHz
and an uncertainty in amplitude of 0.2. Each fitted value of hyperfine coupling is
then compared with a simulation of spins randomly located around the NV center to
determine the location. b, The azimuthal uncertainty in the position of each nuclear
spin is shown as an arc above the diamond surface. The circular pattern arises from
the circular symmetry of the hyperfine interaction. We obtain a resolution of (∆𝑥1,
∆𝑦1, ∆𝑧1)=(0.3nm, 0.3nm, 0.03nm) for the closest spin and a resolution of (∆𝑥4,
∆𝑦4, ∆𝑧4)=(0.4nm, 0.4nm, 0.06nm) for the furthest spin.
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Uncertainty in nuclear locations

To analyze the uncertainty in the nuclear locations, we note that the determined

location of each nuclear spin can vary due to both the circular degree of symmetry

around the NV axis (which means the azimuthal angle of the nuclear spin with respect

to the NV axis is unknown), and also due to uncertainty in the BPDN fit. We first

estimate the uncertainty in the fitted location due to the noise in the raw data.

We take the uncertainty in the fitted amplitude from BPDN to be comparable to

the shot noise of the data, and the uncertainty in the fitted frequency to be 0.5 kHz

(comparable to the frequency spacing of the basis functions). From these uncertainties

we can plot the recovered positions of the nuclear spins (see fig.4-20a). We can see

that the uncertainty in the location of the weakest coupled 29Si spin (colored orange)

is much greater that the uncertainty in the location of the strongest coupled spin

(colored red). This is because for spins that are further from the NV center, small

changes in coupling strength correspond to larger changes in distance to the NV.

Taking the standard deviation of the location in each direction (∆𝑥, ∆𝑦, ∆𝑧) we

find that for the closest spin (∆𝑥1, ∆𝑧1)=(0.1nm, 0.02nm) and for the fourth spin we

obtain an uncertainty in the position of (∆𝑥4, ∆𝑧4)=(0.15nm, 0.1nm).

The circular symmetry of the hyperfine pattern also means that even if the distance

and polar angle of individual spins with respect to the NV center is known perfectly,

the azimuthal angle is completely unknown. However as the detected spins lie very

close to the diamond surface, the circle of symmetry (around the NV axis) intersects

with the diamond after only several tens of milliradians. As a result the uncertainty

in the both the height of each nuclear spin and its location along this arc also has a

very small standard deviation. In fig.4-20b the possible position of each nuclear spin

is shown as an arc above the diamond surface. The and axes have been rotated so

that the uncertainty in both directions is equal. For the closest spin, we find that

(∆𝑥1, ∆𝑦1, ∆𝑧1)=(0.1nm, 0.1nm, 0.05nm), and for the furthest spin we obtain (∆𝑥4,

∆𝑦4, ∆𝑧4)=(0.1nm, 0.1nm, 0.05nm).
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4.7 Summary

The results presented in this paper show that by operating in the strong coupling

regime, the sensitivity of NMR and imaging can be extended to single nuclear spins.

The technique can be applied to perform two-dimensional NMR[152] on single biomolecules

with spatial resolution well below the size of a protein and thus allow for label-free

detection. Further improvements in decoupling techniques will allow a spectral resolution

limited by the electron spin relaxation time[153] ( 100Hz for NVs measured here).

Although the strong coupling regime reported in this paper allows for polarization-independent

NMR, the possibility to transfer NV polarization to nearby nuclei[65, 154, 155] will

allow for investigations of internuclear couplings and nuclear Overhauser effect. Nuclear

decoupling techniques will also allow strong coupling to be achieved in dense spin

samples, providing a signal independent of nuclear polarization[156, 157].

In addition, as demonstrated here, benefits can be derived from the use of signal

processing methods to extract more detailed information about spins contributing to

the signal and can also allow for a significant reduction in the number of data points

required[158]. Direct manipulation of nuclear spins using radiofrequency fields may be

utilized as a high resolution spectroscopy tool for detection of chemical shifts, giving

information on the three dimensional structure of molecules[30, 64]. Alternatively,

electron spin labels providing pseudocontact chemical shifts[63] may be employed to

enable direct resolution of individual nuclei in single molecules.
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Chapter 5

Enhancement NMR linewidth with

correlation spectroscopy

5.1 Introduction

The extension of nuclear magnetic resonance (NMR) spectroscopy [29, 30] to the

nanoscale , has important implications for scientific research and technology. NMR is

a vital tool for studies of fluid dynamics, protein structure, and magnetic ordering/disordering

in novel materials. The ability to directly investigate these phenomena at the nanoscale

where the presence of a single magnetic moment in the sample or the effect of

interaction with the container surface becomes important, important hints at a new

era of NMR spectroscopy. Concurrent with reductions in sample volume, the spectral

resolution of NMR spectroscopy has also witnessed substantial improvements due

to techniques such as magic angle spinning, Advances in spectral resolution have

subsequently allowed smaller couplings to be resolved, thereby providing a more

detailed picture of chemical structure and molecular interactions. However, recently

demonstrated nanoscale NMR spectroscopy with nitrogen-vacancy (NV) centers suffers

from poor spectral resolution due to the short detection timescales. This in turn limits

the amount of chemical information(or molecular diffusion) that can be obtained.

Here we use correlation spectroscopy to extend the spectral resolution of nanoscale

NMR with shallow NV centers by an order of magnitude. The resolution is sufficient
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to observe chemical shifts in ∼1T magnetic fields, and aids investigations of molecular

diffusion at the diamond surface by allowing signals which may otherwise be hidden

below a broadened background to be resolved.

Nitrogen-vacancy (NV) centres in diamond have been shown to be promising

nanoscale magnetic field sensors through a series of foundational demonstrations

[26, 29–31, 40, 56, 57, 67–70, 159]. The NV center is a paramagnetic defect in diamond

consisting of a nitrogen impurity and a neighbouring vacancy. The spin triplet ground

state possesses a long coherence time and can be detected optically via coupling to

optical transitions. Measuring the energy splitting between magnetic sublevels of a

single NV center allows determination of the local magnetic field[58]. The sensitivity

of this field measurement is then defined by the precision that the spectral line position

determination which in turn, is limited by the line width and related coherence time of

spin transition[9]. In addition to improving the sensitivity of the NV center, extension

of the NV coherence time directly impacts spectral resolution (since the frequency

resolution is related to detection time) by the Fourier relation: frequency resolution

∝ 1/detection time. Therefore control of coherence, especially for NV centers located

close to the surface of diamond, is crucial for nanoscale sensing protocols that use NV

centers.

One approach to improve magnetic resonance spectroscopy with NV centers is to

remove decoherence sources which act to limit the detection time; either with quantum

control techniques (e.g. dynamical decoupling) or physical treatment (e.g. by sample

cooling and purification). Recently nanoscale NMR[26, 29–31, 40, 56, 57, 67–70, 159]

was realized by very shallow NV centers, with spectral line-widths limited by the

NV decoherence (𝑇2) time. Dynamical decoupling protocols were implemented which

allowed extension of 𝑇2 times resulting in a commensurate increase in sensitivity and

spectral resolution.

Dynamic decoupling alters the phase evolution of the sensing qubit such that

the effect of unwanted noise is removed, whilst retaining sensitivity to the signal

at a particular frequency. Pulsed decoupling techniques (e.g. XY8-N, CMPG-N)

operate by filtering signals at harmonics of the pulse period whereas continuous
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decoupling (spin-locking, Hartmann-Hahn, CCD) tune the driving frequency of the

qubit (fig.5-1b). Limitations in driving strength and pulse fidelity however, reduce

the effectiveness of decoupling, and provide imperfect filtering. For example spectral

noise faster than the decoupling speed is not removed, leading to proposals based on

quantum error correction in order to enhance sensitivity [160]. For NV sensing this

is particularly pertinent, as poor scaling of dephasing time with number of 𝜋 pulses

has been observed in shallow [40, 56] and deeper NVs [161]. As a result the spectral

resolution is on the order of 10 kHz, which remains more than an order of magnitude

worse than the intrinsic NV relaxation time (𝑇1).

5.2 Sample and schematic of the measurement

A schematic of the measurement is shown in fig.5-1(a). We use shallow NV centers

implanted 2-5 nm into the diamond surface by 2.5keV N+ implantation. The diamond

is 99.999% 12C enriched with 10 ppb impurity content so that the NV spectral

environment is dominated by magnetic species at the surface or outside of the diamond.

A 400 Gauss magnetic field was applied along the NV orientation ([111] diamond

crystal axis), giving a proton Larmor frequency of 1.7MHz. The NMR spectrum of

statistically polarized protons in an oil layer placed on the crystal surface was then

measured with an XY8 sequence[29, 30]. As shown in fig.5-1(b), a peak shows the

rms magnetic field generated by proton nuclear spins which correspond well with
1H Larmor frequency (gyromagnetic ratio of 1H is 4.25MHz/Gauss, B0=400Gauss).

From proton nuclear spin rms magnetic field, we can estimate the distance[29, 30]

between the NV center and the surface of 5.2 nm for this NV center.

Now comment on the width of the signal. It is due to signal collection time, filter

function width. By adding more pulses, the NMR spectrum gets narrower, limited

by the NV coherence T2 time. Result in fig.5-2(c) shows the correlation of proton

nuclear spin noise signals accumulate in first and second protocol. The period 588ns

fit well with 1
𝜔𝐿

.

To observe the long term evolution of the correlation signal, we apply a under-sampling

91



protocol to get the envelope of the correlation signal. The sampling rate is chosen to

be 0.81MHz(1234ns) between 2𝑓𝐻/𝑛 and 2𝑓𝐿/(𝑛−1) (𝑓𝐻 = 1.75MHz, 𝑓𝐿 = 1.65MHz

extract from proton NMR spectrum fig.5-1(b), n=4) to fulfill Nyquist criterion[162].

Fig.5-3(a) shows the long term evolution of correlation spectroscopy. The correlation

will still live until about 120𝜇s. The Fourier transform shows the linewidth is around

20kHz in fig.5-3(c), which is about 2-fold smaller than the minimum linewidth can be

achieved by XY8-N dynamical decoupling sequence. We estimate the excepted signal

with numerical simulation of nuclear spins inside the sensing volume. The simulation

fit well with starting decay behaviour with the experiment results.

5.3 Summary

In summary, we have demonstrated that correlation spectroscopy [153] can be applied

for nanoscale NMR and allows improving the spectral resolution of diamond magnetometery

beyond values limited by coherence time of electron spins. The resolution of protocols

is limited by longitudinal relaxation time of electron spins (approximate 3 ms at

room temperature) leading to sub kHz resolution, allowing to reach chemical shifts

for high magnetic field experiments. Understanding of molecular interaction and

attachment to the diamond surface is also important for surface functionalization,

biosensing and drug delivery, and can be enabled with our techniques. Interestingly,

relaxation magnetometry has a sensitivity dependent on the NV T1 time, but a

spectral resolution determined by the T*
2 time.
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Figure 5-1: Schematic of the measurement and proton NMR spectrum. a,
We measured the spin coherence and correlation spectroscopy of a nitrogen vacancy
sensor coupled to external proton nuclear spins ensemble of oil molecules. The
external static magnetic field is applied by a permanent magnet and microwaves
are carried by a copper wire. b, A schematic of pulse sequence. Larmor precession
of small proton nuclear spin ensemble creates an oscillating field with statistically
fluctuating amplitude and phase. The correlation spectroscopy pulse sequence will
establish a correlation between phases accumulated by first and second XY8-4.
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Figure 5-2: NMR spectrum of XY8-4 dynamical decoupling and correlation
spectroscopy of external proton nuclear spin ensemble of immersion oil
molecules. a, XZ8-N dynamical decoupling pulse sequence: 𝜋 microwave pulses
(𝜏/2−𝜋|𝑥− 𝜏 −𝜋|𝑦− 𝜏 −𝜋|𝑥− 𝜏 −𝜋|𝑦− 𝜏 −𝜋|𝑦− 𝜏 −𝜋|𝑥− 𝜏 −𝜋|𝑦− 𝜏 −𝜋|𝑥− 𝜏/2)𝑁

b, NMR spectrum by XY8-4 dynamical decoupling sequence. c, Pulse sequence. A
532nm laser initiate the electron spin. 𝜋/2 pulse create a quantum superposition state
|0⟩|𝑒 + | − 1⟩|𝑒. XY8-N sequence are applied after that, where 𝜏 = 1

2𝜔𝐿
. Then a 𝜋/2|𝑦

pulse will store the noise signal in NV magnetization[153]. After a ̃︀𝜏 free evolution
time a same protocol which will restore the noise signal. Another 532nm laser will
readout NV spin state. d, correlation spectroscopy of ensemble proton nuclear spins
noise signals. The period equals 588ns from fitting.
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Figure 5-3: Time evolution and linewidth of correlation spectroscopy. a,
the red curve shows the under-sampling data of correlation signal is still alive until
after 120𝜇s. The orange shows the full resolution of correlation oscillation. As the
frequency of correlation oscillation is too high, we can’t give a whole full-sampling
data but a scaling. The blue curve shows the simulation signal with immersion
oil viscosity 437 mPa.s, density 1.09 g/mL, proton nuclear spin density 50nm−3,
and molecule size around 1nm . b, the read curve shows Fourier of under-sampling
correlation signal with line-width 20kHz. The XY8-N( N=4, 8, 16, 32) signal is shown
with blue curve. c, line-width of dynamical decoupling spectrum and correlation
spectrum. Compared with dynamical decoupling spectrum, correlation spectrum
gives a narrower line-width.
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Chapter 6

Sensing and atomic-scale structure

analysis of single nuclear-spin clusters

Up to now nuclear spins were investigated with single nuclear spin sensitivity. However,

a further step towards the ultimate goal of structure analysis of single molecules would

be the direct measurement of the interactions within single nuclear spin clusters. In

the present chapter we sense a single 13C-13C nuclear spin dimer located about 1nm

from the nitrogen-vacancy centre and characterize the interaction ( 690 Hz) between

the two nuclear spins. In such a measurement of interaction we derive the spatial

configuration of the dimer with atomic-scale resolution. These results indicate that,

in combination with advanced material-surface engineering, central spin decoherence

under dynamical decoupling control may be a useful probe for nuclear magnetic

resonance single-molecule structure analysis.

The results presented in this chapter are mainly published in [163].
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6.1 Hamiltonian and dynamics of nuclear spin dimer

The Hamiltonian of a dimer

The Hamiltonian of the NV center electron spin and the 13C nuclear spin dimer

is[59, 131]:

𝐻 = ∆𝑆2
𝑧 − 𝛾𝑒B · S + S ·

∑︁
𝑖=1,2

𝐴𝑖 · I𝑖 + I1 ·D12 · I2 + 𝜔𝐶(𝐼1,𝑧 + 𝐼2,𝑧). (6.1)

To make the physical picture clear, we only take the subspace spanned by |𝑚𝑠 =

0,+1⟩ into consideration. The Hamiltonian can then be rewritten in the basis of the

eigenstates of NV center as

𝐻 = 𝜔0|0⟩⟨0|+𝜔1|+1⟩⟨+1|+ |+1⟩⟨+1|⊗(A1 ·I1+A2 ·I2)+I1 ·D12 ·I2+𝜔𝐶(𝐼1,𝑧 +𝐼2,𝑧).

(6.2)

where 𝜔𝐶 is the nuclear spin Zeeman frequency, A1,2 is the hyperfine fields of the

nuclear spin I1,2 for electron in the | + 1⟩ state, and D12 is the dipolar interaction

tensor between I1 and I2.

Pseudo-spin model

In the strong magnetic field, the dimer dynamics can be described by a pseudo-spin

model, where the two-spin states | ↑↓⟩ and | ↓↑⟩ of the dimer are mapped to the

spin-up | ⇑⟩ and spin-down | ⇓⟩ states of the pseudo-spin 𝜎. The polarized dimer

states | ↑↑⟩ and | ↓↓⟩ are energetically separated and irrelevant in the dynamics

because of the large Zeeman energy in the strong field. Hence the Hamiltonian Eq.6.2

can be expressed in terms of the pseudo-spin 𝜎 as

𝐻 =

(︂
𝜔0 +

1

2
h(0) · 𝜎

)︂
⊗ |0⟩⟨0|

+

(︂
𝜔1 +

1

2
h(1) · 𝜎

)︂
⊗ |+ 1⟩⟨+1|, (6.3)
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where h(𝑚𝑠) for 𝑚𝑠 = 0 or 1 is the pseudo-field of the pseudo-spin 𝜎.

The pseudo-field h(𝑚𝑆) depends on the NV center electron spin state. For the

electron spin in the |𝑚𝑆 = 0⟩ state, the pseudo-field h(0) = (𝑋, 0, 0), where 𝑋 is the

nuclear spin flip-flop rate due to the inter-nuclear spin dipolar coupling D12. For the

|𝑚𝑆 = +1⟩ state, the pseudo-field h(+1) = (𝑋, 0, 𝑍(1)), where 𝑍(1) is the energy cost of

the nuclear spin flip-flop process due to the hyperfine field different values of the two

nuclear spins. Hence the dynamics of the pseudo-spin is governed by the Hamiltonian

𝐻(𝑚𝑠)
ps =

1

2
h(𝑚𝑠) · 𝜎 =

1

2
(𝑋𝜎𝑥 + 𝑍(𝑚𝑠)𝜎𝑧) (6.4)

where the component 𝑋 of the pseudo-field h(𝛼) is the nuclear dipolar interaction

strength and the component 𝑍(𝑚𝑠) is due to the hyperfine couplings difference of the

two nuclei induced by the nitrogen-vacancy centre electron spin state |𝑚𝑠⟩ .

The pseudo-field component 𝑍(𝑚𝑠) and hence the nuclear-spin pair dynamics

depend on the nitrogen-vacancy centre electron spin state |𝑚𝑠⟩. For the nitrogen-vacancy

centre spin in the |𝑚𝑠 = 0⟩ state, the hyperfine splitting vanishes, whereas for

the |𝑚𝑠 = 1⟩ state, the hyperfine splittings of the two nuclear spins have a finite

different value of 𝑍(1) 10kHz. Correspondingly, the pseudo-spin will precess with

frequencies 𝜔(0)
ps = 𝑋 or 𝜔(1)

ps =
√︀
𝑋2 + [𝑍(1)]2 . When the nitrogen-vacancy centre

spin is prepared in a superposition state (|𝑚𝑠 = 0⟩+ |𝑚𝑠 = 1⟩)/
√

2, the characteristic

frequency of the noise induced by the pseudo-spin becomes 𝜔eff
ps =

√︀
𝑋2 + [𝑍(1)/2]2. In

our experiment, the pseudo-spin precession frequency 𝜔eff
ps was measured by dynamical

decoupling control[83, 164, 165] of the nitrogen-vacancy centre spin.

6.2 Schematic of the set-up and experiment

The set-up and experimental scheme are schematically shown in Fig.6-1. The periodic

Carr-Purcell-Meiboom-Gill (CPMG) dynamical decoupling control sequences are employed

to realize ’quantum lock-in detection’ [166], which enhances sensitivity to all fields

oscillating synchronously with the pulse spacing while suppressing the effects of field
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Figure 6-1: Schematic of the set-up and experimental method. a,We measured
the spin coherence of a nitrogen-vacancy sensor coupled to a 13C-13C dimer. The
external d.c. magnetic field was applied by a movable electromagnet and microwaves
were carried by a coplanar wire. b, Energy level scheme of the nitrogenĺCvacancy
centre. The zero-field splitting value 𝐷 is 2,870 MHz. The eigenvalue of state |𝑚𝑠 =
−1⟩ (|𝑚𝑠 = +1⟩), shown by the red (black) line, is linearly dependent on the external
magnetic field B0. We encoded the quantum transition |0⟩ ↔ | − 1⟩ (or |0⟩ ↔ |+ 1⟩)
as a qubit and manipulated it by resonant microwave pulses. c, The pulse sequences
contained two green laser beam pulses for initialization and readout of the electron
spin state with CPMG microwave pulses in between to control the spin. Microwave
pulses 𝜋𝑥/2 shown in red are the initial and readout 90∘ pulses about the 𝑥 axis, and
𝜋𝑦 pulses are 180∘ refocusing operations along the y axis.
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fluctuations at every other frequency. In the intuitive picture (fig.6-1c), the transition

in the 13C dimer imposes an a.c. noise with a characteristic frequency. Therefore,

when the CPMG timing matches the noise characteristic frequency, the decoupling

fails markedly and there is a sharp dip in the nitrogen-vacancy spin coherence[60, 167].

This allows one to identify the characteristic precession frequency. Fig.6-3 shows the

nitrogen-vacancy centre spin coherence under CPMG-N control. For pulse number

𝑁 > 4, we observed coherence dips on top of a smooth decoherence. The dip

position 𝑡dip is proportional to the pulse number N (fig.6-3b). As shown in previous

work[59, 60], the dip position is related to the precession frequency by

𝑡dip =
𝑁𝜋

𝜔eff
ps

(6.5)

from which we extract the pseudo-spin precession frequency 𝜔eff
ps ≈ 2𝜋 × (7.3 ± 0.1)

kHz.

Alignment of the magnetic coil

We used the fluorescence dependence on the misalignment angle to align the magnetic

coil[168]. According to [168], the fluorescence of NV center is sensitive to misalignment

angle of the NV axis from a magnetic field B0 when the magnitude is approximately

500Gauss. The difference in fluorescence counts is still noticeable even when the

misalignment angle is only 0.5∘. In our experiment, the fluorescence count was the

same (within counting errors) for 𝐵0 ≈ 0 𝐺 and 𝐵0 ≈ 500𝐺. So we estimate the

misalignment angle to be within 0.5∘.

To confirm the angle stability on varying the magnetic coil current, we conducted

comparative experiments by applying CPMG-12 control under 𝐵0 ≈ 922𝐺. After

alignment of the magnetic coil, we detected the modulation on the decoherence curve.

We then misaligned the field by about one degree. Under such a condition, the signal

contrast of dips decreased dramatically, nearly vanishing completely (see fig.6-2b).

Therefore we concluded that the coil alignment was better than 𝜃 = 1∘.
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Figure 6-2: Alignment of the coil and estimation of the misalignment angle
𝜃. a, The bulk diamond was [100] faced and the magnetic coil was aligned along
[111] crystal axis by translation along the X(Y) axis and rotation around the Z axis
in steps of ∆𝑋(𝑌 ) = 10𝜇𝑚 (≈ 0.05∘) and ∆𝑅 = 0.1∘. b, Coherence dips of a single
transition |0⟩ ↔ |-1⟩ under CPMG-12 control, in the alignment (open circles) and 1∘
misalignment (solid circles) conditions. The magnitude of field was 922 G.

Manipulation sequences

The transitions in the 13C dimer imposed on the NV center spin an AC noise with

a characteristic frequency. To sense the dimer, we used the control sequences shown

in fig.6-1c. The NV spin was initialized to state |0⟩ by green laser pumping. Then,

the first 𝜋/2 microwave (MW) pulse rotated the |0⟩ state to the superposition (|0⟩+

e𝑖𝜑0 |1⟩)/
√

2 (or (|0⟩ + e𝑖𝜑0| − 1⟩)/
√

2), whose phase was sensitive to magnetic noise.

During the CPMG control, the state evolved to (|0⟩+ e𝑖(𝜑0+𝛿𝜑)|1⟩)/
√

2, accumulating

a random phase 𝛿𝜑 =
∫︀

[𝐵𝜔𝑒
−𝑖𝜔𝑡𝐹 (𝑡)]𝑑𝑡. 𝐹 (𝑡) = +1 or -1 denotes the modulation

function[149] and 𝐵𝜔 is the noise amplitude at frequency 𝜔. The center spin coherence

is ⟨e𝑖(𝜑0+𝛿𝜑)⟩ = e𝑖𝜑0e−𝑖⟨𝛿𝜑2⟩/2 for Gaussian noise. When the frequency of a noise 𝜔

matches 𝐹 (𝑡), the decoherence induced by this noise is e−𝑁2𝜏2|𝐵𝜔 |2/2, greatly enhanced

by the CPMG control[59]. The last 𝜋/2 microwave pulse converted the phase to

population of |0⟩, which was monitored by a fluorescence intensity measurement.
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6.3 Spatial configuration of dimer and NV center

Dip features in the nitrogen vacancy centre spin decoherence

We characterized the coupling between the dimer and the nitrogen-vacancy centre

electron spin from measurement under various magnetic fields. The 𝑍(𝑚𝑠) component

of the pseudo-field consists of two parts 𝑍(𝑚𝑠) = 𝑍
(𝑚𝑠)
‖ +𝑍

(𝑚𝑠)
⊥ (𝐵0). The parallel part

𝑍
(𝑚𝑠)
‖ = 𝐴1,‖ − 𝐴2,‖ is the difference of the hyperfine fields projected to the applied

magnetic field direction. The transverse part 𝑍(𝑚𝑠)
⊥ = (𝐴

(𝑚𝑠)
1,⊥ )2− (𝐴

(𝑚𝑠)
2,⊥ )2/𝛾𝑐𝐵0 comes

from the perturbative frequency shifts of the two spins induced by virtual flipping

through the polarized states | ↑↑⟩ and | ↓↓⟩ , where 𝛾𝑐 is the gyromagnetic ratio of
13C nuclear spin and 𝛾𝑐𝐵0 is the Larmor precession frequency. Note that the parallel

part is opposite for |𝑚𝑠 = 1⟩ and 𝑚𝑠 = −1⟩ states, but the transverse part is the

same. The presence of the transverse part 𝑍(𝑚𝑠)
⊥ (𝐵0) causes different dip positions

for the transitions |𝑚𝑠 = 0⟩ ↔ | + 1⟩ and |𝑚𝑠 = 0⟩ ↔ | − 1⟩ (Fig.6-4a-e). The

dip position difference 𝛿𝑡𝑑𝑖𝑝 depends on the magnetic field (Fig.6-4f). In the case of

𝑍
(𝑚𝑠)
‖ ≫ 𝑍

(𝑚𝑠)
⊥ (𝐵0), which is the case in our experiment,

𝛿𝑡𝑑𝑖𝑝 ≈
2𝑁

(𝑍
(1)
‖ )2

(𝐴1,⊥)2 − (𝐴2,⊥)2

𝛾𝑐𝐵0

(6.6)

In the strong magnetic field limit, 𝛿𝑡𝑑𝑖𝑝 → 0, and 𝑍
(1)
‖ = 14.6 kHz is extracted

from 𝜔eff
ps , as shown in fig.6-3 for 𝐵 = 1, 770G. The magnetic field dependence of 𝛿𝑡𝑑𝑖𝑝

gives the difference of the transverse hyperfine coupling 𝛿𝐴2
⊥ = (𝐴

(𝑚𝑠)
1,⊥ )2− (𝐴

(𝑚𝑠)
2,⊥ )2 =

(21.7kHz)2; ). From the values of 𝑍(1) and 𝛿𝐴2
⊥, we determined that the dimer was

located about 1 nm away from the nitrogen-vacancy centre. The field dependence

of the dip features also excludes electron spin clusters as the cause of the coherent

modulation.

103



Figure 6-3: Dip features in the nitrogen-vacancy centre spin decoherence
under CPMG control with various numbers of pulses. a, As the pulse
number 𝑁 of CPMG increased from 2 (top curve) to 18 (bottom curve), the dips
induced by a spin dimer emerged and became more and more pronounced. The
symbols are measured data and the curves are fits to {𝑦0 + 𝐴0 exp[−(𝑡/𝑇2)

4] ×
𝑦1 + 𝐴1 exp[−2((𝑡− 𝑡𝑐)/𝜔)2]/𝜔/

√︀
𝜋/2, which consists of a smooth profile and a

Gaussian dip. b, The positions of the dips are proportional 𝑁 in CPMG control
and the red line is a fit to the data given by 𝑁(68.1± 0.2)𝜇s. The vertical error bars
indicate the uncertainty of the fit of the measured spin coherence data in a.

Estimation of pseudo-field

According to the nuclear dimer pseudo-spin model[59, 131], the flip-flop energy cost

𝑍(𝑚𝑠) and dipolar coupling 𝑋 were estimated from the measured decoherence under

CPMG-𝑁 control. The dipolar coupling strength 𝑋 takes discrete values since the

nuclear spin positions are discrete on diamond lattice. A value of 𝑋 = 2.1 kHz (𝑋

= 0.685kHz) indicates the dimer is aligned in the direction of the external field B0

(tilted from the magnetic field by 109.5∘). The coupling strength is less than 0.3 kHz

for two 13C that are not at the nearest neighbor positions (such as, 𝑋 = 0.23 kHz is for

two 13C at the next nearest neighbors). To get the coupling strength 𝑋, we calculated

the decoherence curves under CPMG-18 control for all possible combination of 𝑋 and

𝑍(𝑚𝑆) values. Under CPMG control, the coherence was calculated by

𝐿(2𝑛𝜏) = 𝑇𝑟𝐵[· · · 𝑒−𝑖𝐻
(0)
𝑝𝑠 𝜏𝑒−𝑖𝐻

(1)
𝑝𝑠 𝜏/2𝜌𝐵𝑒

𝑖𝐻
(0)
𝑝𝑠 𝜏/2𝑒𝑖𝐻

(1)
𝑝𝑠 𝜏 · · · ]. (6.7)
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Figure 6-4: Magnetic field dependence of the dip features in the
nitrogenĺCvacancy centre spin decoherence for different transitions. a-d,
The upper and lower panels in each part show the CPMG-12 decoherence of the
transitions |0⟩ ↔ | + 1⟩ and |0⟩ ↔ | − 1⟩, respectively. The magnetic field for
a-d was, respectively, 504, 922, 1,356 and 1,770 Gauss. e, Field dependence of the
dip positions for different nitrogenĺCvacancy centre spin transitions. The error bars
indicate the uncertainty of the fit of the measured data in a-d. f, Comparison between
the measured (symbols) and calculated (lines) positions of the dips as functions of
the magnetic field. The error bar of each point in f is obtained from the uncertainty
of the corresponding points in e according to the error propagation formula.
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Only when [𝑋,𝑍(1)] = [0.685, 14.6] kHz, could the calculated curve match the experiment

results, as shown in fig.6-5. We double-checked the comparison for CPMG-8,10,12,14,16

(shown in fig.6-5). In all cases the measurement and calculation are in good agreement.

The small disagreement was mainly due to the normalization process: all the experiment

data were normalized by the amplitude of Rabi oscillation curves, which were measured

before each CPMG-𝑁 pulse sequence. However, the fluorescence counts were slightly

drift during the coherence measurement.

Figure 6-5: Simulation of NV center spin decoherence with various
pseudo-fields for a 13C pair. For each 𝑋 value (indicated in the line legends), the
𝑍(𝑚𝑠) was chosen for best fitting with the experimental data (symbols) by searching
from 1 kHz to 20 kHz. By comparing the calculation and the experimental result
under CPMG-18 control, we resolved the orientation and structure of the 13C pair.

Transverse part of Z(𝑚𝑠)

The difference between coherence dip positions for the transitions |0⟩ ↔ |-1⟩ and |0⟩ ↔

|+1⟩ was used to estimate the transverse coupling strength of the pseudo-spin. The

Hamiltonian of the pseudo-spin is

𝐻(𝑚𝑆)
𝑝𝑠 =

1

2
h(𝑚𝑆) · 𝜎 =

1

2
(𝑋𝜎𝑥 + 𝑍(𝑚𝑆)𝜎𝑧), (6.8)

in which, 𝑍(𝑚𝑆) = 𝑍
(𝑚𝑆)
‖ + 𝑍

(𝑚𝑆)
⊥ = (𝐴1,‖ − 𝐴2,‖) +

(𝐴
(𝑚𝑆)

1,⊥ )2−(𝐴
(𝑚𝑆)

2,⊥ )2

𝛾𝐶𝐵0
.

As discussed previously, the characteristic frequency of the noise is 𝜔eff = 2𝜋
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√︀
𝑋2 + (𝑍(𝑚𝑆)/2)2. The dip position is 𝑡(𝑚𝑆)

dip = 2𝜋
𝜔±

eff
× 1

2
× 𝑁 = 𝑁

2
√

𝑋2+(𝑍(𝑚𝑆)/2)2
. So

the difference is 𝛿𝑡dip = 𝑡
(1)
dip− 𝑡

(−1)
dip ≈ 2𝑁

(𝑍
(1)
‖ )2
× (𝐴

(1)
1,⊥)2−(𝐴

(1)
2,⊥)2

𝛾𝐶𝐵0
. By fitting the experiment

data in fig.6-5(e,f) and Table 6.1, we obtained (𝐴
(1)
1,⊥)2 − (𝐴

(1)
2,⊥)2 ≈ 53 ×

(𝑍
(1)
‖ )2

2𝑁
≈

(21.7± 1.7 kHz)2.

Table 6.1: Field dependence of the dip positions for different NV center
spin transitions.

Field |0⟩ ↔ |-1⟩(𝜇𝑠) |0⟩ ↔ |+1⟩(𝜇𝑠)
𝐵0(Gauss) Dips Error Bar Dips Error Bar
504 856.5 4.6 747.3 7.4
922 831.9 6.3 762.2 6.9
1356 830.9 5.9 799.8 6.9
1770 814.7 6.4 817.8 7.1

Distance between the dimer and the NV center

To obtain the distance between the dimer and the NV center, we calculated the

coupling strength Z of the dimer as a function of the displacement from NV center

via equation 6.9.

𝐻𝑒𝐶 =
𝜇0

4𝜋

𝛾𝑒 · 𝛾𝐶
𝑟3𝑒𝐶

𝑆𝑧(3𝑛𝑧 · −→𝑛 ·
−→
𝐼 − 𝐼𝑧)

= 𝐴𝑥𝑆𝑧𝐼𝑥 + 𝐴𝑦𝑆𝑧𝐼𝑦 + 𝐴𝑧𝑆𝑧𝐼𝑧, (6.9)

where −→𝑛 is the unit vector pointing from NV to 13C; 𝜇0 is the vacuum permeability;

𝛾𝑒and𝛾𝐶 are the gyromagnetic ratios of the NV electron and 13C nuclear spins,

respectively; 𝑟𝑒𝐶 is the distance between the two spins. In the spherical coordinate

system, −→𝑛 is rewritten as (sin 𝜃 cos𝜑, sin 𝜃 sin𝜑, cos 𝜃) with 𝜃 denoting the polar

angle from the [111] direction and 𝜑 the azimuthal angle. O’A, O’B, O’C and O’D

indicate the dimer along directions
−−→
O’A,

−−→
O’B,

−−→
O’C, and

−−→
O’D shown in fig.6-6a.

Taking the dimer O’B for example, we calculated the parallel part 𝑍(𝑚𝑆)
‖ = 𝐴1,‖−

𝐴2,‖ = 𝐴1,𝑧 − 𝐴2,𝑧 and the transverse part 𝑍(𝑚𝑆)
⊥ 𝛾𝐶𝐵0 = (𝐴

(𝑚𝑆)
1,⊥ )2 − (𝐴

(𝑚𝑆)
2,⊥ )2 =

(𝐴
(𝑚𝑆)
1,𝑥 )2 + (𝐴

(𝑚𝑆)
1,𝑦 )2 − ((𝐴

(𝑚𝑆)
2,𝑥 )2 + (𝐴

(𝑚𝑆)
2,𝑦 )2) for [𝜃, r] = [0∼𝜋, 0.5∼1.3 nm] and 𝜑 =
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0. According to the estimation of Z in Sec. 3, 𝑍(𝑚𝑆)
‖ ≈ 14.6kHz and 𝑍

(𝑚𝑆)
⊥ 𝛾𝐶𝐵0 ≈

21.7kHz, we determined the coordinates (𝜃, 𝑟) as shown in fig.6-6b. In the same way,

fig.6-6(c, d) correspond to the dimer of O’C and O’D. The crossing points (𝜃, 𝑟) of

the red and blue lines in fig.6-6(b-d) fulfill 𝑍(𝑚𝑆)
‖ and 𝑍(𝑚𝑆)

⊥ 𝛾𝐶𝐵0 and, hence, are the

possible location of dimer. The distance is about 1 nm from NV center.

Figure 6-6: The position of the dimer relative to the NV sensor. a, The
coordinate vector z is orientated along the direction of O’A while the axis x is located
in the plane of O’AB. b, The coordinates [𝜃, 𝑟] correspond to 𝑍(𝑚𝑆)

‖ ≈ 14.6 kHz (red
lines) and 𝑍

(𝑚𝑆)
⊥ 𝛾𝐶𝐵0 ≈ 21.7 kHz (blue lines) for a dimer along the direction O’B.

The intersections of the red and blue curves are possible positions of the dimer sensed
in the experiment. c, and d, are the same as b but for dimers along the directions
O’Cand O’D, respectively.

The pseudo-field components 𝑋 and 𝑍(𝑚𝑠) were determined by comparing the

observed dip widths and depths under various control pulse numbers 𝑁 with the

calculated electron spin coherence using the pseudo-spin model. As the nuclear-spin

positions are discrete on diamond lattice, the dipolar interaction takes discrete values
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𝑋 = 2.1 kHz for a dimer in the [111] direction, 𝑋 = 0.685 kHz for a dimer in other

C-C bond directions, and 𝑋 < 0.3 kHz for nuclear spins at a larger distance. The

calculation shows that only the parameters [𝑋,𝑍(1)] = [0.685, 14.6] kHz yield full

agreement with the experiment data shown in fig.6-3. With this we conclude that the

coherence dip was caused by a dimer that was not orientated along the [111] direction.

6.4 Comparison of coherent modulation on NV center

spin decoherence

Single 13C nuclear spin

A single 13C nuclear spin and a dimer affect the NV center spin coherence in different

field regimes. As discussed in the main text, the Larmor frequency of 13C is 𝛾𝐶𝐵0 ≈

1.071kHz/G× 1770G ≈ 1.9MHz. The characteristic frequency of noise due to single

spin precession would be so high that its effect 𝛿𝜑 =
∫︀

[𝐵𝜔𝑒
−𝑖𝜔𝑡𝐹 (𝑡)]𝑑𝑡 on the NV spin

coherence is averaged out. This is confirmed by lack of the coherence collapse-revival

induced by single 13C Larmor precession[116].

Electron spin pair

Between the two transitions |0⟩ ↔ | ± 1⟩ for an electron spin pair, the dip position

difference 𝛿𝑡dip = 2𝑁

(𝑍
(1)
‖ )2

(𝐴1,⊥)2−(𝐴2,⊥)2

𝛾e𝐵0
is approximately equal to zero, since 𝛾e𝐵0 >

2.8MHz/G×500 G = 1400 MHz ≫ A. As the experimental result is 𝛿𝑡dip = 109.2±

12.0𝜇𝑠 under 𝐵0 = 504 G, the coherent modulation could not be caused by an electron

spin pair.

Summary: Logic Chain of resolving the subjects composition

and structure of dimer

As a briefly summary of the present work, we give a step-by-step method for determining

the structure and location of a dimer. Initially, three candidates can induce coherence
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dips: individual nuclear spins (n-spin), electron spin (e-spin) dimers, and nuclear spin

dimers. The observation of coherence dips corresponding to slow ( 10 kHz) dynamics

rules out the individual nuclear spins; the weak magnetic field dependence of the

dip positions rules out electron spin dimers, hence nuclear spin dimers are the only

possible candidate. Analysis of the depth of the dips gives the structure information

of the detected nuclear spin cluster, i.e., a nuclear spin dimer aligned along a direction

other than the [111] direction.
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Figure 6-7: Logic flow chart for resolving the dimer structure in this work.
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Chapter 7

Conclusion and outlook

In this thesis, we discuss the basic physics of NV magnetometry and its progress.

Then we demonstrate dynamical decoupling protocols to improve sensitivity of NV

magnetometry in chapter 2. 13C nuclear spin ensembles and 29Si nuclear spin ensembles

are measured inside and outside diamond respectively in chapter 3,4. Nanoscale NMR

of a 29Si nuclear spin ensemble is demonstrated meanwhile.

Although single spin sensitivity NMR and single nuclear spin detection is realized

in chapter 4 and [33], achieving 3-D imaging is still more challenging. Firstly the

detection sensitivity of the experiment in ref.[33] is about 23nT for one minute of

averaging which correspond to separation of approximately 4nm. The sensitivity can

be enhance by several ways in future, such as efficient microfabrication[169, 170], error

correction protocols[160, 171], or using an electron spin amplifier[81]. Secondly the

minimum spectrum linewidth achieved in near surface nuclear spin detection is 6kHz

in ref.[27], which correspond to more than 2nm spatial resolution. The spectrum

linewidth can be extended to 1/𝑇1 by correlation spectroscopy[153] especially for

solid-state nuclear spin sample.

The NV magnetometry spectrum linewidth is improved to 1/𝑇1 by correlation

spectroscopy in chapter.5. However, the linewidth in nano-NMR is still limmited by

the diffusion of proton spins and the interactions between them. In future, different

immersion oil with different diffusion coefficients can be studied to get the relation

between linewidth and diffusion. And NH4PF6 solid-state film can also be observed
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with correlation spectroscopy protocols to avoid diffusion effect.

We show the ability to analyze atomic-scale structure of single nuclear spins in

diamond. In future, the same protocol can be applied to external nuclear spins. The

effective precession frequency is estimated to be 0.217kHz, corresponding to 2.3𝜇s

period time for proton spin cluster along NV axis. But decoherence time still limits

the measurements for such a long period time. As the scaling of decoherence time for

XY8 experiments follows 𝑇XY8N = 𝑁2/3𝑇2,echo, this means approximately 50 pulses are

needed in order to get enough signal visibility. Hence the single nuclear spin cluster

is hardly observed until the sensitivity enhanced by about 10 times, which can be

achieved in ref.[169] by microfabrication.

In conclusion, this thesis presents enhanced AC field NV magnetometry, nanoscale

NMR with single nuclear spin sensitivity and sensing of nuclear spin cluster. It

explores in detail an avenue to implement NV magnetometry, imaging, structure

analysis of nuclear spin, indicating it as a powerful tool in biology and magnetic

materials.
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