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Dark Matter as a hint of new physics
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✓DM existence, abundance 
✓Has gravitational interaction

“Known”
✓DM mass 
✓Non-gravitational interactions

“Unknown”
Wikipedia “Galaxy rotation curve”, E. Corbelli, P. Salucci (2000) Wikipedia “Cosmic microwave background”, 9 years of WMAP data
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‣ Classical wave-like dark matter (axion, dark photon) has  mass spreadO(1020)
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Mass scale of dark matter

10-22 eV keV GeV

WIMP``Ultralight” DM

non-thermal  
bosonic fields

``Light” DM

dark sectors
sterile ν

can be thermal

Primordial
black holes 

10 M�
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 DM behaves as classical wavem ≪ 30 eV
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DM-induced effective magnetic field
‣ Misalignment mechanism: DM field performs coherent oscillation 

with coherence time 

 

‣ DM-SM fermion interactions can be viewed as an effective magnetic field 

      ➡   

‣ We need a detection method with high sensitivity and broad frequency coverage!

τa ∼
1

mav2
a

∼ 7s ( 10−10 eV
ma )

ℒ = gaff
∂μa
2mf

f̄γμγ5 f → Heff =
gaff

mf
∇a ⋅ Sf Beff ≃ 2ρDM

gaff

e
vDM cos(mat + δ) ∼ 3 aT ( gaff

10−10 )

4

a(t) ≃ a0 cos (mat − ⃗va ⋅ ⃗x + δ)

a(t) ≃ a0 cos (mat − ⃗v′ a ⋅ ⃗x + δ′ )



4/19/2024  So Chigusa ＠ University of Minnesota/ 40

Table of contents
‣ Introduction to wave DM 

‣ Introduction to NV center 
‣ NV center magnetometry for DM detection 
• DC magnetometry + application to DM detection 
• AC magnetometry + application to DM detection 
• Entanglement is useful 

‣ NV center magnetometry with nuclear spin 
• How it works 
• Comagnetometry 

‣ Conclusion

5



Introduction to NV center
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NV center in diamond

‣ The stable complex of substitutional nitrogen (N) and vacancy (V) in diamond 
‣ The charged state  has two extra s localized at V 
‣ The ground state:  orbital singlet,  spin triplet  system

NV− e−

e− e− S = 1

7

application of resonant microwaves (MWs) near 2.87 GHz.
Upon optical excitation, nonradiative decay through a spin-
state-dependent intersystem crossing (Goldman, Doherty
et al., 2015; Goldman, Sipahigil et al., 2015) produces both
spin-state-dependent fluorescence contrast and optical spin
initialization into the NV− center’s ms ¼ 0 ground state; see
Fig. 1(b).
Relative to alternative technologies (Grosz, Haji-Sheikh,

and Mukhopadhyay, 2017), sensors employing NV− centers
excel in technical simplicity and spatial resolution (Grinolds et
al., 2014; Arai et al., 2015; Jaskula, Bauch et al., 2017). Such
devices may operate as broadband sensors, with bandwidths
up to ∼100 kHz (Acosta, Jarmola et al., 2010; Barry et al.,
2016; Schloss et al., 2018), or as high-frequency detectors for
signals up to several GHz (Shin et al., 2012; Cai et al., 2013;
Loretz, Rosskopf, and Degen, 2013; Steinert et al., 2013;
Tetienne et al., 2013; Pelliccione et al., 2014; Boss et al.,
2016, 2017; Hall et al., 2016; Lovchinsky et al., 2016; Pham
et al., 2016; Shao et al., 2016; Wood et al., 2016; Aslam et al.,
2017; Schmitt et al., 2017; Casola, van der Sar, and Yacoby,
2018; Horsley et al., 2018). Importantly, effective optical
initialization and readout of NV− spins does not require
narrow-linewidth lasers; rather, a single free-running 532-nm
solid-state laser is sufficient. NV-diamond sensors operate at
ambient temperatures, pressures, and magnetic fields and thus
require no cryogenics, vacuum systems, or tesla-scale applied
bias fields. Furthermore, diamond is chemically inert, making
NV− devices biocompatible. These properties allow sensors to
be placed within ∼1 nm of field sources (Pham et al., 2016),
which enables magnetic-field imaging with nanometer-scale
spatial resolution (Grinolds et al., 2014; Arai et al., 2015;
Jaskula, Bauch et al., 2017). NV-diamond sensors are also
operationally robust and may function at pressures up to
60 GPa (Doherty et al., 2014; Ivády et al., 2014; Hsieh et al.,

2019) and temperatures from cryogenic to 600 K (Toyli
et al., 2012, 2013; Plakhotnik et al., 2014).
Although single NV− centers find numerous applications in

ultra-high-resolution sensing due to their angstrom-scale size
(Balasubramanian et al., 2008; Maze et al., 2008; Casola, van
der Sar, and Yacoby, 2018), sensors employing ensembles of
NV− centers provide improved signal-to-noise ratio (SNR) at
the cost of spatial resolution by virtue of statistical averaging
over multiple spins (Taylor et al., 2008; Acosta et al., 2009).
Diamonds may be engineered to contain concentrations of
NV− centers as high as 1019 cm−3 (J. Choi et al., 2017), which
facilitates high-sensitivity measurements from single-channel
bulk detectors as well as wide-field parallel magnetic imaging
(Taylor et al., 2008; Steinert et al., 2010, 2013; Pham et al.,
2011; Le Sage et al., 2013; Glenn et al., 2015; Davis et al.,
2018; Fescenko et al., 2019). These engineered diamonds
typically contain NV− centers with symmetry axes distributed
along all four crystallographic orientations, each primarily
sensitive to the magnetic-field projection along its axis. Thus,
ensemble-NV− devices provide full vector magnetic-field
sensing without heading errors or dead zones (Maertz
et al., 2010; Steinert et al., 2010; Pham et al., 2011; Le
Sage et al., 2013; Schloss et al., 2018). NV− centers have also
been employed for high-sensitivity imaging of temperature
(Kucsko et al., 2013), strain, and electric fields (Dolde et al.,
2011; Barson et al., 2017). Recent examples of ensemble-
NV− sensing applications include magnetic detection of
single-neuron action potentials (Barry et al., 2016); magnetic
imaging of living cells (Le Sage et al., 2013; Steinert et al.,
2013), malarial hemozoin (Fescenko et al., 2019), and
biological tissue with subcellular resolution (Davis et al.,
2018); nanoscale thermometry (Kucsko et al., 2013; Neumann
et al., 2013); single protein detection (Shi et al., 2015;
Lovchinsky et al., 2016); nanoscale and micron-scale NMR
(Staudacher et al., 2013; Loretz et al., 2014; Sushkov et al.,
2014; DeVience et al., 2015; Rugar et al., 2015; Kehayias
et al., 2017; Bucher et al., 2018; Glenn et al., 2018); and
studies of meteorite composition (Fu et al., 2014) and
paleomagnetism (Farchi et al., 2017; Glenn et al., 2017).
Despite demonstrated utility in a number of applications,

the present performance of ensemble-NV− sensors remains far
from theoretical limits. Even the most sensitive ensemble-
based devices demonstrated to date exhibit readout fidelities
F ∼ 0.01, limiting sensitivity to at best ∼100 times worse than
the spin-projection limit. Additionally, reported dephasing
times T"

2 in NV-rich diamonds remain 100 to 1000 times
shorter than the theoretical maximum of 2T1 (Jarmola et al.,
2012; Bauch et al., 2018, 2019). As a result, whereas
present state-of-the-art ensemble-NV− magnetometers exhibit
pT=

ffiffiffiffiffiffi
Hz

p
-level sensitivities, competing technologies such as

superconducting quantum interference devices (SQUIDs) and
spin-exchange relaxation-free magnetometers exhibit sensi-
tivities at the fT=

ffiffiffiffiffiffi
Hz

p
level and below (Kitching, 2018). This

∼1000 times sensitivity discrepancy corresponds to a
∼106 times increase in required averaging time, which
precludes many envisioned applications. In particular, the
sensing times required to detect weak static signals with an
NV-diamond sensor may be unacceptably long; for example,
biological systems may have only a short period of viability.

N

V

NV || [111]

(a) (b)

FIG. 1. Overview of the nitrogen-vacancy (NV) center quantum
system. (a) Diagram of diamond lattice containing an NV center,
which consists of a substitutional nitrogen adjacent to a lattice
vacancy. The green arrow marks the NV symmetry axis, oriented
along the ½11̄ 1̄$ diamond crystallographic axis for the particular
NV center shown here. From Pham, 2013. (b) Energy level
diagram for the negatively charged NV− center in diamond, with
zero-field splitting D between the ground-state electronic spin
levels ms ¼ 0 and ms ¼ %1. The ms ¼ %1 energy levels
experience a Zeeman shift in the presence of a magnetic field
B⃗, which forms the basis for NV− magnetometry. Adapted from
Schloss et al., 2018.

John F. Barry et al.: Sensitivity optimization for NV-diamond …

Rev. Mod. Phys., Vol. 92, No. 1, January–March 2020 015004-3

L. M. Pham ‘13 “pink diamond”
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Fluorescence readout
‣ Fluorescence measurement allows us to read out the -spin quantum state e−

|ψ⟩ = cos
θ
2

|0⟩ + sin
θ
2

| ± ⟩
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NV center as a quantum sensor
‣ NV center works as a multimodal quantum sensor 
1. Temperature 
2. Electric field 
3. Strain 
4. Magnetic field (explain later) 
• Sizable relaxation time  even at room temperature 

• Wide dynamic range = broad frequency coverage 

‣ Two options 
1. Single NV center (high spacial resolution) 
2. Ensemble of NV centers (high sensitivity) 

 concentration is achieved

≳ 1 μs

∼ 1 − 20 ppm

9

M. W. Doherty, et al. [1302.3288]

G. Kucsko, et al. ‘13

F. Dolde, et al. ‘11

M. Barson, et al. ‘17

T. Wolf, et al. ‘15



DC magnetometry
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Rabi cycle
‣ A transverse driving field  with  

causes transition between  

‣ Time evolution is described by the Rabi cycle 

B1 = B1y ŷ sin(2πft) f = ΔE ≡ D −
geμB

h
Bz

|0⟩, | − ⟩

|ψ(t)⟩ = cos ( 1

2
γeB1y t) |0⟩ + sin ( 1

2
γeB1y t) | − ⟩

11

H0=h ¼ DS2z þ
geμB
h

ðB⃗ · S⃗Þ; ð2Þ

where ge ≈ 2.003 is the NV electronic g factor, μB is the Bohr
magneton, h is Planck’s constant, and S⃗ ¼ ðSx; Sy; SzÞ is the
dimensionless electronic spin-1 operator. H0 is the simplest
Hamiltonian sufficient to model basic NV− spin behavior in
the presence of a magnetic field.
The NV− center’s nitrogen nuclear spin (I ¼ 1 for 14N and

I ¼ 1=2 for 15N) creates additional coupling terms charac-
terized by

Hnuclear=h ¼ AkSzIz þ A⊥ðSxIx þ SyIyÞ

þ P½I2z − IðI þ 1Þ=3&

−
gIμN
h

ðB⃗ · I⃗Þ; ð3Þ

where Ak and A⊥ are the axial and transverse magnetic
hyperfine coupling coefficients, respectively, P is the nuclear
electric quadrupole parameter, gI is the nuclear g factor for the
relevant nitrogen isotope, μN is the nuclear magneton, and
I⃗ ¼ ðIx; Iy; IzÞ is the dimensionless nuclear spin operator.
Experimental values of Ak, A⊥, and P are reported in
Table XIV. Note that the term proportional to P vanishes
for I ¼ 1=2 in 15NV−, as no quadrupolar moment exists for
spins I < 1.
The NV− electron spin also interacts with electric fields E⃗

and crystal stress (with associated strain) (Kehayias et al.,
2019). In terms of the axial dipole moment dk, transverse
dipole moments d⊥ and d0⊥, and spin-strain coupling param-
eters fMz;Mx;My;N x;N yg, the interaction is presently
best approximated by (van Oort and Glasbeek, 1990; Doherty
et al., 2012; Barfuss et al., 2019; Udvarhelyi et al., 2018)

Helecjstr=h ¼ ðdkEz þMzÞS2z
þ ðd⊥Ex þMxÞðS2y − S2xÞ
þ ðd⊥Ey þMyÞðSxSy þ SySxÞ
þ ðd0⊥Ex þN xÞðSxSz þ SzSxÞ
þ ðd0⊥Ey þN yÞðSySz þ SzSyÞ: ð4Þ

Experimental values of d⊥ and dk are given in Table XIV. In
magnetometry measurements, the terms proportional to
d0⊥Ei þN i for i ¼ x, y are typically ignored, as they are
off diagonal in the Sz basis, and the energy level shifts they
produce are thus suppressed by D (Kehayias et al., 2019).
Furthermore, many magnetometry implementations operate
with an applied bias field B⃗0 satisfying

d⊥Ei þMi ≪
geμB
h

B0 ≪ D ð5Þ

for i ¼ x, y in order to operate in the linear Zeeman regime,
where the energy levels are maximally sensitive to magnetic-
field changes (see the Appendix, Sec. 9). In the linear Zeeman
regime, the terms in Helecjstr proportional to d⊥Ei þMi can
also be ignored. The sole remaining term inHelecjstr acts on the

NV− spin in the same way as the temperature-dependent D
and is often combined into the parameter D for a given NV−

orientation (Glenn et al., 2017). Except for extreme cases such
as sensing in highly strained diamonds or in the presence
of large electric fields, the values of all the electric field
and strain parameters in Helecjstr are ∼1 MHz or lower.
Consequently, for most magnetic sensing applications, H0

can be taken as the Hamiltonian describing the NV− ground-
state spin for each of the hyperfine states.
In the presence of a magnetic field oriented along the NV

internuclear axis B⃗ ¼ ð0; 0; BzÞ,H0 is given in matrix form by

HðzÞ
0 =h ¼

0

B@
Dþ geμB

h Bz 0 0

0 0 0

0 0 D − geμB
h Bz

1

CA ð6Þ

with eigenstates jms ¼ 0i, jms ¼ −1i, and jms ¼ þ1i and
magnetic-field-dependent transition frequencies

ν' ¼ D' geμB
h

Bz; ð7Þ

which are depicted in Fig. 2. For the general case of a
magnetic field B⃗ with both axial and transverse components
Bz and B⊥, the transition frequencies are given to third order
in ðgeμB=hÞðB=DÞ by

ν' ¼ D
!
1'

"
geμB
h

B
D

#
cos θB þ 3

2

"
geμB
h

B
D

#
2

sin2θB

'
"
geμB
h

B
D

#
3
"
1

8
sin3θB tan θB −

1

2
sin2θB cos θB

#$
; ð8Þ

where tan θB ¼ B⊥=Bz.
Magnetic sensing experiments utilizing NV− centers

often interrogate one of these two transitions, allowing the

FIG. 2. Energy level diagram for the NV− ground-state spin in
the presence of an axial magnetic field Bz and ignoring nuclear
spin, as described by Eq. (6). Population in the jms ¼ 0i state
results in higher fluorescence under optical illumination than
population in the jms ¼ '1i states. In this diagram, resonant
MWs (gray oval) address the jms ¼ 0i → jms ¼ þ1i transition.
Equation (9) describes the pseudo-spin-1=2 subspace occupied
by these two levels.

John F. Barry et al.: Sensitivity optimization for NV-diamond …

Rev. Mod. Phys., Vol. 92, No. 1, January–March 2020 015004-5

J. F. Barry+ ‘20

2π × 2.87 GHz
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Graphical illustration by Bloch sphere

‣ The qubit system  is illustrated by the Bloch sphere : 

Map from  to a sphere 

{ |0⟩, | − ⟩}

|ψ⟩ = cos
θ
2

|0⟩ + sin
θ
2

eiφ | − ⟩ S2

12

x
 

y

z

φ

θ

 

1

0

ψ

| − ⟩

1

2
( |0⟩ + | − ⟩)

1

2
( |0⟩ + i | − ⟩)
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‣ Rotation around  ⃗B 1 ∝ ŷ

|ψ(t)⟩ = cos
θ(t)
2

|0⟩ + sin
θ(t)
2

| − ⟩, θ(t) = 2γeB1y t

Rabi cycle on Bloch sphere

13

|S⟩ Rx/y(θ)
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‣ Weak signal magnetic field  causes free precession 

 with  (  for DC-like signal )

Bz
DM

|ψ(τ)⟩ =
1

2
( |0⟩ + eiφ(τ) | − ⟩) φ(τ) = γe ∫

τ

0
dt Bz

DM(t) φ(τ) ≃ γeBz
DMτ

Free precession

14
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Ramsey sequence for DC magnetometry 
1.  pulse 

2. Free precession under  for duration  

3.  pulse 
4. Fluorescence measurement 

‣ Signal estimate  

with  : spin relaxation (dephasing) time

(π/2)y

BDM τ

(π/2)x

S ≡
1
2

⟨ψfin. |σz |ψfin.⟩ ∝ φ(τ) = γeBz
DMτ

τ ∼ T*2 ∼ 1 μs

Ramsey sequence

15
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Sensitivity on axion DM
‣ (Roughly) universal sensitivity to the dc-like region m ≲ 2π/τ ∼ 10−8 eV

16
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If , DM field itself works as a driving field 

“Resonance’’ sequence for  
1.  pulse 

2. Free precession for duration  

3. Fluorescence measurement

m/2π ≃ f

m/2π ≃ f

(π/2)y

τ ∼ T*2 /2

DM on resonance

17
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On resonance sensitivity
‣ Resonance position  is tunable with external m ∼ 𝒪(10) GHz Bz

18



AC magnetometry
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‣ Fast oscillation leads to cancellation 
when m ≳ 2π/τ

Insensitive to fast-oscillating signals

20
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Hahn echo for ac magnetometry 
1.  pulse 

2. Free precession for  
3.  pulse 

4. Free precession for  
5.  pulse 
6. Fluorescence measurement 

   ⇨ Targeted at the frequency 

(π/2)y

τ/2
πy

τ/2

(π/2)x

φ(τ) = γe(∫
τ/2

0
dt Bz

DM(t) − ∫
τ

τ/2
dt Bz

DM(t)) ∼ 1/τ

Hahn echo (Dynamic Decoupling)

21



4/19/2024  So Chigusa ＠ University of Minnesota/ 40

‣ Any DC effect cancels out from φ(t)

Longer relaxation time

22

‣ No dephasing from inhomogeneous DC fields 
‣ Relaxation time T2 ∼ 100 μs ≫ T*2 ∼ 1 μs
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Sensitivity on axion DM
‣ At the target frequency  better sensitivity than Ramseym ∼ 2π/T2 ∼ 𝒪(100) kHz

23
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Quantum metrology
‣ Possible application of involved quantum metrology techniques to NV center 

‣ Example: use of entanglement (the GHZ state) 
• Transmon qubit 
• Paul ion trap 

‣  

 

‣  gain at the level of amplitude,  gain of signal

|ψ⟩ = ⊗c
1

2
( |0⟩c + |1⟩c)

→ |ψ⟩ =
1

2
( |0⟩⊗N + |1⟩⊗N)

× N × N2

24

A. Ito+ [2311.11632]

S. Chen+ [2311.10413]

3

sensors, |g⟩⊗nq

UDM

H UDM

H UDM

H UDM

H UDM

ti t1 t2 tf

FIG. 1: Quantum circuit for the DM detection. The gate with H represents the Hadamard gate, while that with “•”
and “⊕” connected by the line is the CNOT gate (where “•” is the control qubit). The UDM represents the

evolution with the effect of DM.

An example of quantum circuits to detect the DM sig-
nal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10]. Our cir-
cuit consists of only 1-dimensional nearest neighbor in-
teraction between qubits with O(nq) gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of
DM affects mainly on time interval t1 ≤ t ≤ t2. We also
assume that the coherence time τ is determined by the
coherence of the DM and does not scale with n−1

q .

In order to understand the enhancement mechanism
of the signal, it is instructive to consider the case that
α = 0. For α = 0, the eigenstates of UDM are |+⟩ and
|−⟩, satisfying UDM |±⟩ = e±iδ |±⟩, where

|±⟩ ≡
1√
2
(|g⟩± |e⟩). (9)

Thus, considering the states with nq qubits, |±⟩⊗nq , they

evolve as |±⟩⊗nq → U
⊗nq

DM |±⟩⊗nq = e±inqδ |±⟩⊗nq ; the
phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.

With the circuit, the state evolves as follows. First, all
the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
1√
2

(

|+⟩⊗nq + |−⟩⊗nq

)

. (10)

With the effect of the DM, the state at t = t2 becomes

|Ψ(t2)⟩ =
1√
2

(

einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq

)

. (11)

The quantum operation from t = t2 to tf brings the phase

information to the first qubit:

|Ψ(tf)⟩ =
1√
2

(

einqδ |+⟩+ e−inqδ |−⟩
)

⊗ |+⟩⊗(nq−1)

= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ

nq
∑

i=1

(Xi cosα+ Yi sinα) +O(δ2), (14)

where the summation is over the operators acting on all
the qubits. For any i, the following relation holds:

Xi |±⟩⊗nq = ± |±⟩⊗nq , (15)

with which we obtain

|Ψ(t2)⟩ ≃
1√
2
(1 + inqδ cosα) |+⟩⊗nq

+
1√
2
(1− inqδ cosα) |−⟩⊗nq + · · · , (16)

where terms irrelevant to our discussion are neglected.
The relevant part of Eq. (16) is obtained from Eq. (11)

C. L. Degan+ “Quantum sensing” for review
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Quantum metrology
‣ Possible application of involved quantum metrology techniques to NV center 

‣ Example: use of entanglement (the GHZ state) 
• Transmon qubit 
• Paul ion trap 

‣  

 

‣  gain at the level of amplitude,  gain of signal

|ψ⟩ = ⊗c
1

2
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→ |ψ⟩ =
1

2
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× N × N2
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S. Chen+ [2311.10413]
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FIG. 1: Quantum circuit for the DM detection. The gate with H represents the Hadamard gate, while that with “•”
and “⊕” connected by the line is the CNOT gate (where “•” is the control qubit). The UDM represents the

evolution with the effect of DM.

An example of quantum circuits to detect the DM sig-
nal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10]. Our cir-
cuit consists of only 1-dimensional nearest neighbor in-
teraction between qubits with O(nq) gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of
DM affects mainly on time interval t1 ≤ t ≤ t2. We also
assume that the coherence time τ is determined by the
coherence of the DM and does not scale with n−1

q .

In order to understand the enhancement mechanism
of the signal, it is instructive to consider the case that
α = 0. For α = 0, the eigenstates of UDM are |+⟩ and
|−⟩, satisfying UDM |±⟩ = e±iδ |±⟩, where

|±⟩ ≡
1√
2
(|g⟩± |e⟩). (9)

Thus, considering the states with nq qubits, |±⟩⊗nq , they

evolve as |±⟩⊗nq → U
⊗nq

DM |±⟩⊗nq = e±inqδ |±⟩⊗nq ; the
phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.

With the circuit, the state evolves as follows. First, all
the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
1√
2

(

|+⟩⊗nq + |−⟩⊗nq

)

. (10)

With the effect of the DM, the state at t = t2 becomes

|Ψ(t2)⟩ =
1√
2

(

einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq

)

. (11)

The quantum operation from t = t2 to tf brings the phase

information to the first qubit:

|Ψ(tf)⟩ =
1√
2

(

einqδ |+⟩+ e−inqδ |−⟩
)

⊗ |+⟩⊗(nq−1)

= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ

nq
∑

i=1

(Xi cosα+ Yi sinα) +O(δ2), (14)

where the summation is over the operators acting on all
the qubits. For any i, the following relation holds:

Xi |±⟩⊗nq = ± |±⟩⊗nq , (15)

with which we obtain

|Ψ(t2)⟩ ≃
1√
2
(1 + inqδ cosα) |+⟩⊗nq

+
1√
2
(1− inqδ cosα) |−⟩⊗nq + · · · , (16)

where terms irrelevant to our discussion are neglected.
The relevant part of Eq. (16) is obtained from Eq. (11)

C. L. Degan+ “Quantum sensing” for review
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Manipulation of nuclear spins
‣ Mixing between   and   spin states caused by  allows 
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General manipulation & measurement
‣ Controlled-   CNOT is the unique essential building block of general operation 

‣ General  

(# of CNOTs)

Rx(π) ∼

SU(4)

≤ 3

30

2

single-qubit unitary gates ul, vl (to be specified below) as

u

v

u u u

v v v
U

1 2 3 4

4321 (3)

An important element in order to prove theorem 1 is
the decomposition of U ∈ SU(4) derived by Khaneja et
al. [5] and Kraus et al. [10], namely

U
u

v

4

4

u

v

1

1
e
−iH

(4)

H ≡ hx σx ⊗ σx + hy σy ⊗ σy + hz σz ⊗ σz , (5)

where π/4 ≥ hx ≥ hy ≥ |hz|. An explicit protocol to
extract the single-qubit gates u1, v1, u′

4, v
′
4 ∈ SU(2) and

the coefficients hx, hy, hz ∈ R from U was presented in
Ref. [10]. In what follows we show that e−iH can be
further decomposed as

u

v

3

3

u

v

2

2
e
−iH

w

w−1

(6)

where

u2 ≡
i√
2
(σx + σz) e−i(hx+ π

2
)σx , v2 ≡ e−ihzσz , (7)

u3 ≡
−i√

2
(σx + σz), v3 ≡ eihyσz , (8)

w ≡
I − iσx√

2
, (9)

so that u4 and v4 in (3) are

u4 = u′
4w, v4 = v′4w

−1. (10)

Let us introduce the Bell basis

|γ00⟩ ≡
1√
2
(|00⟩ + |11⟩), |γ01⟩ ≡

1√
2
(|01⟩ + |10⟩),

|γ10⟩ ≡
1√
2
(|00⟩ − |11⟩), |γ11⟩ ≡

1√
2
(|01⟩ − |10⟩),

where |mn⟩ denotes |zm⟩A ⊗ |zn⟩B. Operator H in Eq.
(5) can be rewritten as

H =
1

∑

m,n=0

λmn|γmn⟩⟨γmn|, (11)

with λmn defined as

λ00 ≡ hx − hy + hz, λ01 ≡ hx + hy − hz, (12)

λ10 ≡ −hx + hy + hz, λ11 ≡ −hx − hy − hz. (13)

Then e−iH becomes

e−iH =
1

∑

m,n=0

e−iλmn |γmn⟩⟨γmn|. (14)

Direct inspection shows that circuit (6) indeed acts on
the Bell basis |γmn⟩ as [11]

|γmn⟩ −→ e−iλmn |γmn⟩, (15)

thereby proving the theorem. We include some of the
details. The first (leftmost) CNOT in (6) maps the Bell
basis into a product basis, namely

|γmn⟩ −→ |xm⟩A ⊗ |zn⟩B, (16)

where |x0⟩ ≡ (|z0⟩ + |z1⟩)/
√

2, |x1⟩ ≡ (|z0⟩ − |z1⟩)/
√

2.
The local transformation u2 ⊗ v2 introduces convenient
phases φmn(hx, hy) into this local basis, and maps it into
a new product basis,

|xm⟩A ⊗ |zn⟩B −→ e−iφmn(hx,hz)|zm⟩A ⊗ |zn⟩B. (17)

The second CNOT gate exchanges only two elements of
the new product basis (recall Eq. (1)),

|z1⟩A ⊗ |z0⟩B ↔ |z1⟩A ⊗ |z1⟩B, (18)

after which u3 ⊗ v3 switches back to the |xm⟩A ⊗ |zn⟩B
basis and introduces more phases φ′

n(hy). The leftmost
CNOT in (6) maps the latter product basis back into the
original Bell basis,

|xm⟩A ⊗ |zn⟩B −→ |γmn⟩, (19)

and the final local gates w ⊗ w† exchange vectors |γ10⟩
and |γ11⟩ in order to undo the permutation (18) [and
also add a π/4 phase to each of them], so that circuit (6)
implements transformation (15).

As shown in [2], a nontrivial subset of two-qubit uni-
tary transformations, namely control-V transformations
for V ∈ U(2), can be performed by using only two CNOT
gates and single-qubit gates. For these gates, one finds
hy = hz = 0 in its decomposition (4)-(5), so that they
are locally equivalent to a control-phase gate Uϕ,

Uϕ |zm⟩A ⊗ |zn⟩B = e−imnϕ|zm⟩A ⊗ |zn⟩B, (20)

for an arbitrary phase ϕ. Theorem 2 characterizes the
set of two-qubit transformations that can be performed
with only two CNOT gates. They correspond to hz = 0
in (4)-(5), and are therefore a subset of zero measure in
the space of two-qubit gates.

Theorem 2.— A two-qubit gate Ū ∈ SU(4) can be
decomposed in terms of two CNOT gates and single-qubit
gates ūl, v̄l,

u

v

u u

v v
U

1 2 3

321 (21)

if and only if hz = 0 in its decomposition (4)-(5).

Vidal & Dawson, PRA (2003)

‣ Nuclear spin measurement

Single-Shot Readout of a Single
Nuclear Spin
Philipp Neumann,1 Johannes Beck,1 Matthias Steiner,1 Florian Rempp,1 Helmut Fedder,1

Philip R. Hemmer,2 Jörg Wrachtrup,1* Fedor Jelezko1*

Projective measurement of single electron and nuclear spins has evolved from a gedanken
experiment to a problem relevant for applications in atomic-scale technologies like quantum
computing. Although several approaches allow for detection of a spin of single atoms and
molecules, multiple repetitions of the experiment that are usually required for achieving a
detectable signal obscure the intrinsic quantum nature of the spin’s behavior. We demonstrated
single-shot, projective measurement of a single nuclear spin in diamond using a quantum
nondemolition measurement scheme, which allows real-time observation of an individual nuclear
spin’s state in a room-temperature solid. Such an ideal measurement is crucial for realization of,
for example, quantum error correction protocols in a quantum register.

Since the birth of quantum computing,
researchers have sought scalable room-
temperature systems that could be incorpo-

rated as quantum coprocessors. Much enthusiasm
arose when room-temperature nuclear magnetic
resonance (NMR) quantum computers were de-
veloped (1). However, these are essentially clas-
sical as they lack the ability to initialize and read
out individual spins at room temperature (2).
Recent efforts have focused on the development
of ultracold quantum processors like trapped ions
and superconducting qubits which operate at mil-
likelvin temperatures (3). Electronic and nuclear
spins associated with nitrogen-vacancy (NV) cen-
ters in diamond have been shown to be a room-
temperature solid-state system with exceptionally
long coherence times that fulfills most of the re-
quirements needed to build a quantum computer
(4–7). However, it lacked single-shot readout (8),
and hence only the cryogenic version was con-
sidered to be applicable for most quantum infor-
mation applications. For example, projective
readout enables testing Bell-type inequalities
and active feedback in quantum error correction
protocols. Here, we experimentally showed single-
shot readout of a single nuclear spin in diamond.
Our technique is based on the repetitive readout
of nuclear spins (9) and the essential decoupling
of the nuclear from the electronic spin dynamics
by means of a strong magnetic field (10).

The fluorescence time trace of a single NV
center shown in Fig. 1B represents the real-time
dynamics of a single nuclear spin and exhibits
well-defined jumps attributed to abrupt, dis-
continuous evolution of the nuclear spin state

(quantum jumps). The spin used in our experiments
belongs to the nucleus of the nitrogen atom [14N;
nuclear spin I = 1 (11)] of a single NV defect in
diamond (Fig. 1B). In essence, the measurement
sequence consists of a correlation of the electron
spin state of the NV color center with the nuclear
spin state and a subsequent optical readout of
the electron spin, which exhibits the nuclear
spin state. Therefore, initially the electron spin is
optically pumped into the electron spin sublevel
j0e〉 (mS = 0) of its triplet ground state (S = 1) (8),
leaving the nuclear spin in an incoherent mixture
of its eigenstates ðjmI ¼ 〉Þj−1n〉, j0n〉, and j1n〉
(here and below states are defined according to
electron and nuclear magnetic quantum numbers,
mS and mI). The application of a narrowband,
nuclear spin state–selective microwave (MW) p
pulse flips the electron spin into the j−1e〉 state
conditional on the state of the nuclear spin. This
operation is equivalent to a controlled not (CNOT)
operation (Fig. 1A), in that it maps a specific

nuclear spin state onto the electron spin (e.g.,
j−1n〉j0e〉→ j−1n〉j−1e〉, j0n〉j0e〉→ j0n〉j0e〉). This
is possible because of the long coherence time of
the NV center, providing a spectral linewidth of
the electron spin transitions narrow enough to re-
solve the hyperfine structure. Because the fluores-
cence intensity differs by roughly a factor of 2 for
electron spin states j0e〉 and j−1e〉 (8, 12), these
target states can be distinguished by shining a short
laser pulse. This destroys the electron spin state but
leaves the nuclear spin state population almost un-
disturbed under the experimental conditions. Thus,
repeated application of this scheme allows non-
destructive accumulation of fluorescence signal in
order to determine the nuclear spin state optically.

The fidelity F to detect a given state in a
single shot [reaching F = 92 T 2% in our ex-
periments (13)] can be extracted from the photon-
counting histograms (Fig. 2A), which show
distinguishable peaks corresponding to different
nuclear spin states. The fidelity is limited by the
measurement time (bounded by relaxation time
of the nuclear spin), fluorescence count rate, and
magnetic resonance signal contrast. Further im-
provement in readout speed can be achieved by
engineering of photon emission into photonic
nanostructures (14). A consecutive measurement
of the same spin state gives an identical result
with a probability of (F2) of ~82.5% (Fig. 2C).
Such a correlation between consecutive measure-
ments is the signature of so-called quantum non-
demolition (QND) protocols (15). For the nitrogen
nuclear spin qubit initially in a superposition of
two states, the measurement affects its state by
projection into one of the eigenstates, but does not
demolish it (as happens with photons arriving at
a photomultiplier tube or fluorescent atoms that
are shelved in a dark state, which is not a qubit
state). Hence, the same nuclear spin eigenstate
can be redetected in consecutive measurements.

The difference between projective measure-
ment and a practical QND has been analyzed in

13rd Physics Institute and Research Center SCoPE, University
of Stuttgart, Pfaffenwaldring 57, Stuttgart 70550, Germany.
2Department of Electrical and Computer Engineering, Texas
A&M University, College Station, TX 77843, USA.

*To whom correspondence should be addressed. E-mail:
f.jelezko@physik.uni-stuttgart.de (F.J.); wrachtrup@physik.uni-
stuttgart.de ( J.W.)

Fig. 1. Single-shot readout reveals quantum jumps of a single nuclear spin in real time. (A) Repre-
sentation of the single-shot readout scheme. (B) Normalized fluorescence time traces (gray) showing
quantum jumps of a single nuclear spin in real time. When MW pulses (controlled-NOT gates) are on, a
telegraph-like signal appears, revealing the projective nature of this measurement. Low fluorescence
intensity represents nuclear spin state j−1n〉, and high fluorescence intensity indicates j0n〉 or j+1n〉.
When MW pulses are off (upper trace), the fluorescence intensity remains high because it is not correlated
with the nuclear spin state. Each data point was acquired by continuously repeating the readout
scheme for 5 ms (2000 repetitions).
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single-qubit unitary gates ul, vl (to be specified below) as

u

v

u u u

v v v
U
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4321 (3)

An important element in order to prove theorem 1 is
the decomposition of U ∈ SU(4) derived by Khaneja et
al. [5] and Kraus et al. [10], namely

U
u

v

4

4

u

v

1

1
e
−iH

(4)

H ≡ hx σx ⊗ σx + hy σy ⊗ σy + hz σz ⊗ σz , (5)

where π/4 ≥ hx ≥ hy ≥ |hz|. An explicit protocol to
extract the single-qubit gates u1, v1, u′

4, v
′
4 ∈ SU(2) and

the coefficients hx, hy, hz ∈ R from U was presented in
Ref. [10]. In what follows we show that e−iH can be
further decomposed as

u

v

3

3

u

v

2

2
e
−iH

w

w−1

(6)

where

u2 ≡
i√
2
(σx + σz) e−i(hx+ π

2
)σx , v2 ≡ e−ihzσz , (7)

u3 ≡
−i√

2
(σx + σz), v3 ≡ eihyσz , (8)

w ≡
I − iσx√

2
, (9)

so that u4 and v4 in (3) are

u4 = u′
4w, v4 = v′4w

−1. (10)

Let us introduce the Bell basis

|γ00⟩ ≡
1√
2
(|00⟩ + |11⟩), |γ01⟩ ≡

1√
2
(|01⟩ + |10⟩),

|γ10⟩ ≡
1√
2
(|00⟩ − |11⟩), |γ11⟩ ≡

1√
2
(|01⟩ − |10⟩),

where |mn⟩ denotes |zm⟩A ⊗ |zn⟩B. Operator H in Eq.
(5) can be rewritten as

H =
1

∑

m,n=0

λmn|γmn⟩⟨γmn|, (11)

with λmn defined as

λ00 ≡ hx − hy + hz, λ01 ≡ hx + hy − hz, (12)

λ10 ≡ −hx + hy + hz, λ11 ≡ −hx − hy − hz. (13)

Then e−iH becomes

e−iH =
1

∑

m,n=0

e−iλmn |γmn⟩⟨γmn|. (14)

Direct inspection shows that circuit (6) indeed acts on
the Bell basis |γmn⟩ as [11]

|γmn⟩ −→ e−iλmn |γmn⟩, (15)

thereby proving the theorem. We include some of the
details. The first (leftmost) CNOT in (6) maps the Bell
basis into a product basis, namely

|γmn⟩ −→ |xm⟩A ⊗ |zn⟩B, (16)

where |x0⟩ ≡ (|z0⟩ + |z1⟩)/
√

2, |x1⟩ ≡ (|z0⟩ − |z1⟩)/
√

2.
The local transformation u2 ⊗ v2 introduces convenient
phases φmn(hx, hy) into this local basis, and maps it into
a new product basis,

|xm⟩A ⊗ |zn⟩B −→ e−iφmn(hx,hz)|zm⟩A ⊗ |zn⟩B. (17)

The second CNOT gate exchanges only two elements of
the new product basis (recall Eq. (1)),

|z1⟩A ⊗ |z0⟩B ↔ |z1⟩A ⊗ |z1⟩B, (18)

after which u3 ⊗ v3 switches back to the |xm⟩A ⊗ |zn⟩B
basis and introduces more phases φ′

n(hy). The leftmost
CNOT in (6) maps the latter product basis back into the
original Bell basis,

|xm⟩A ⊗ |zn⟩B −→ |γmn⟩, (19)

and the final local gates w ⊗ w† exchange vectors |γ10⟩
and |γ11⟩ in order to undo the permutation (18) [and
also add a π/4 phase to each of them], so that circuit (6)
implements transformation (15).

As shown in [2], a nontrivial subset of two-qubit uni-
tary transformations, namely control-V transformations
for V ∈ U(2), can be performed by using only two CNOT
gates and single-qubit gates. For these gates, one finds
hy = hz = 0 in its decomposition (4)-(5), so that they
are locally equivalent to a control-phase gate Uϕ,

Uϕ |zm⟩A ⊗ |zn⟩B = e−imnϕ|zm⟩A ⊗ |zn⟩B, (20)

for an arbitrary phase ϕ. Theorem 2 characterizes the
set of two-qubit transformations that can be performed
with only two CNOT gates. They correspond to hz = 0
in (4)-(5), and are therefore a subset of zero measure in
the space of two-qubit gates.

Theorem 2.— A two-qubit gate Ū ∈ SU(4) can be
decomposed in terms of two CNOT gates and single-qubit
gates ūl, v̄l,

u

v

u u

v v
U

1 2 3

321 (21)

if and only if hz = 0 in its decomposition (4)-(5).

Vidal & Dawson, PRA (2003)

‣ Nuclear spin measurement

Single-Shot Readout of a Single
Nuclear Spin
Philipp Neumann,1 Johannes Beck,1 Matthias Steiner,1 Florian Rempp,1 Helmut Fedder,1

Philip R. Hemmer,2 Jörg Wrachtrup,1* Fedor Jelezko1*

Projective measurement of single electron and nuclear spins has evolved from a gedanken
experiment to a problem relevant for applications in atomic-scale technologies like quantum
computing. Although several approaches allow for detection of a spin of single atoms and
molecules, multiple repetitions of the experiment that are usually required for achieving a
detectable signal obscure the intrinsic quantum nature of the spin’s behavior. We demonstrated
single-shot, projective measurement of a single nuclear spin in diamond using a quantum
nondemolition measurement scheme, which allows real-time observation of an individual nuclear
spin’s state in a room-temperature solid. Such an ideal measurement is crucial for realization of,
for example, quantum error correction protocols in a quantum register.

Since the birth of quantum computing,
researchers have sought scalable room-
temperature systems that could be incorpo-

rated as quantum coprocessors. Much enthusiasm
arose when room-temperature nuclear magnetic
resonance (NMR) quantum computers were de-
veloped (1). However, these are essentially clas-
sical as they lack the ability to initialize and read
out individual spins at room temperature (2).
Recent efforts have focused on the development
of ultracold quantum processors like trapped ions
and superconducting qubits which operate at mil-
likelvin temperatures (3). Electronic and nuclear
spins associated with nitrogen-vacancy (NV) cen-
ters in diamond have been shown to be a room-
temperature solid-state system with exceptionally
long coherence times that fulfills most of the re-
quirements needed to build a quantum computer
(4–7). However, it lacked single-shot readout (8),
and hence only the cryogenic version was con-
sidered to be applicable for most quantum infor-
mation applications. For example, projective
readout enables testing Bell-type inequalities
and active feedback in quantum error correction
protocols. Here, we experimentally showed single-
shot readout of a single nuclear spin in diamond.
Our technique is based on the repetitive readout
of nuclear spins (9) and the essential decoupling
of the nuclear from the electronic spin dynamics
by means of a strong magnetic field (10).

The fluorescence time trace of a single NV
center shown in Fig. 1B represents the real-time
dynamics of a single nuclear spin and exhibits
well-defined jumps attributed to abrupt, dis-
continuous evolution of the nuclear spin state

(quantum jumps). The spin used in our experiments
belongs to the nucleus of the nitrogen atom [14N;
nuclear spin I = 1 (11)] of a single NV defect in
diamond (Fig. 1B). In essence, the measurement
sequence consists of a correlation of the electron
spin state of the NV color center with the nuclear
spin state and a subsequent optical readout of
the electron spin, which exhibits the nuclear
spin state. Therefore, initially the electron spin is
optically pumped into the electron spin sublevel
j0e〉 (mS = 0) of its triplet ground state (S = 1) (8),
leaving the nuclear spin in an incoherent mixture
of its eigenstates ðjmI ¼ 〉Þj−1n〉, j0n〉, and j1n〉
(here and below states are defined according to
electron and nuclear magnetic quantum numbers,
mS and mI). The application of a narrowband,
nuclear spin state–selective microwave (MW) p
pulse flips the electron spin into the j−1e〉 state
conditional on the state of the nuclear spin. This
operation is equivalent to a controlled not (CNOT)
operation (Fig. 1A), in that it maps a specific

nuclear spin state onto the electron spin (e.g.,
j−1n〉j0e〉→ j−1n〉j−1e〉, j0n〉j0e〉→ j0n〉j0e〉). This
is possible because of the long coherence time of
the NV center, providing a spectral linewidth of
the electron spin transitions narrow enough to re-
solve the hyperfine structure. Because the fluores-
cence intensity differs by roughly a factor of 2 for
electron spin states j0e〉 and j−1e〉 (8, 12), these
target states can be distinguished by shining a short
laser pulse. This destroys the electron spin state but
leaves the nuclear spin state population almost un-
disturbed under the experimental conditions. Thus,
repeated application of this scheme allows non-
destructive accumulation of fluorescence signal in
order to determine the nuclear spin state optically.

The fidelity F to detect a given state in a
single shot [reaching F = 92 T 2% in our ex-
periments (13)] can be extracted from the photon-
counting histograms (Fig. 2A), which show
distinguishable peaks corresponding to different
nuclear spin states. The fidelity is limited by the
measurement time (bounded by relaxation time
of the nuclear spin), fluorescence count rate, and
magnetic resonance signal contrast. Further im-
provement in readout speed can be achieved by
engineering of photon emission into photonic
nanostructures (14). A consecutive measurement
of the same spin state gives an identical result
with a probability of (F2) of ~82.5% (Fig. 2C).
Such a correlation between consecutive measure-
ments is the signature of so-called quantum non-
demolition (QND) protocols (15). For the nitrogen
nuclear spin qubit initially in a superposition of
two states, the measurement affects its state by
projection into one of the eigenstates, but does not
demolish it (as happens with photons arriving at
a photomultiplier tube or fluorescent atoms that
are shelved in a dark state, which is not a qubit
state). Hence, the same nuclear spin eigenstate
can be redetected in consecutive measurements.

The difference between projective measure-
ment and a practical QND has been analyzed in

13rd Physics Institute and Research Center SCoPE, University
of Stuttgart, Pfaffenwaldring 57, Stuttgart 70550, Germany.
2Department of Electrical and Computer Engineering, Texas
A&M University, College Station, TX 77843, USA.

*To whom correspondence should be addressed. E-mail:
f.jelezko@physik.uni-stuttgart.de (F.J.); wrachtrup@physik.uni-
stuttgart.de ( J.W.)

Fig. 1. Single-shot readout reveals quantum jumps of a single nuclear spin in real time. (A) Repre-
sentation of the single-shot readout scheme. (B) Normalized fluorescence time traces (gray) showing
quantum jumps of a single nuclear spin in real time. When MW pulses (controlled-NOT gates) are on, a
telegraph-like signal appears, revealing the projective nature of this measurement. Low fluorescence
intensity represents nuclear spin state j−1n〉, and high fluorescence intensity indicates j0n〉 or j+1n〉.
When MW pulses are off (upper trace), the fluorescence intensity remains high because it is not correlated
with the nuclear spin state. Each data point was acquired by continuously repeating the readout
scheme for 5 ms (2000 repetitions).
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Nuclear spins of  can be used for quantum sensing 
in the same way as electron spins!

14N
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Composition of  spin14N
‣  is one of the rare stable odd-odd nuclei with spin  
‣ Nuclear shell model description

14N I = 1

32

“Introductory Nuclear Physics” by K. S. Krane
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Axion-  spin interaction14N
‣ A little algebra of spin synthesis 

(21/2 ⊗ 31) ⊗ (21/2 ⊗ 31)

33
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Axion-  interaction14N
‣ A little algebra of spin synthesis 

 (21/2 ⊗ 31) ⊗ (21/2 ⊗ 31)
= (21/2 ⊕ 43/2) ⊗ (21/2 ⊕ 43/2)

34
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Axion-  interaction14N
‣ A little algebra of spin synthesis 

 

 

(21/2 ⊗ 31) ⊗ (21/2 ⊗ 31)
= (21/2 ⊕ 43/2) ⊗ (21/2 ⊕ 43/2)
= (10 ⊕ 31) ⊕ (31 ⊕ 52) ⊕ (31 ⊕ 52) ⊕ (10 ⊕ 31 ⊕ 52 ⊕ 73)
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Axion-  interaction14N
‣ A little algebra of spin synthesis 

 

 

 

‣  

     

(21/2 ⊗ 31) ⊗ (21/2 ⊗ 31)
= (21/2 ⊕ 43/2) ⊗ (21/2 ⊕ 43/2)
= (10 ⊕ 31) ⊕ (31 ⊕ 52) ⊕ (31 ⊕ 52) ⊕ (10 ⊕ 31 ⊕ 52 ⊕ 73)

Hint = γn
⃗B (n)
a ⋅ ⃗Sn + γp

⃗B (p)
a ⋅ ⃗Sp

= γ14N
⃗B a ⋅ ⃗I + ⋯

⃗B a ∝
1
6 ( gann

mn
+

gapp

mp )
36

⃗Sp/n =

− 1
6

⃗I
⋱

⋱
⋱

⋱
⋱

⋱
⋱
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‣ Constraints on  with  enhanced by long f̃a ≡
gann

2mn
+

gapp

2mp

−1

f̃a ∼ 𝒪( fa) T*2n ∼ 7 ms

Constraints on axion-nucleon coupling

37

Preliminary

Waldherr+, Nat. Nano. (2011)
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Comagnetometry
‣ Recap: constraints on axion couplings from -  comagnetometer 

‣ At the compensation point  , insensitive to  but sensitive to 

K 3He

Bz = Bc
⃗B ⊥

⃗B a,⊥
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Protocol for “comagnetometry”
‣ A protocol to cancel out DC magnetic noise effects 

             

‣ , ,  works well!

magnetic field coupling with e−

magnetic field coupling with 14N
=

γe

γN
≠

axion coupling with e−

axion coupling with 14N
=

gaee

gaNN

τ ∼ T*2N ∼ 1 ms τ′ ∼ T*2e ∼ 1 μs
τ
τ′ 

=
γe

γN

39

|e⟩ RY (π) RZ(θτ ′) RX(π/2)

|n⟩ RY (π/2) RZ(φτ )
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Discussions and conclusions
‣ We explored the potential of NV center magnetometry for DM search 

‣ Benefits of this approach include: 
• Wide dynamic range = broad DM mass coverage 
• Sensitivity to electron, neutron, and proton spins 

‣ Some applications of advanced quantum metrology techniques 
• Entanglement 
• Comagnetometry protocol 
• Ancilla-assisted frequency upconversion 

‣ Now setting up an experimental environment at QUP with NV + cryogenic

40
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Axion DM parameter space

42
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Sensitivity estimation
‣ The outcome of the spin-projection noise 

 

 

‣ Noise contribution is  

‣ Sensitivity curve is 

|x⟩ ≡
1

2
( |0⟩ + | + ⟩)

ΔS ≡
1
2 [⟨x |σ2

z |x⟩ − (⟨x |σz |x⟩)2]
1/2

=
1
2

ΔSsp ∼

1
2

1

N(tobs/τ)
(tobs < τa)

1
2

1

N(τa/τ)
1

(tobs/τa)1/4 (tobs > τa)

(SNR) ≡
S

ΔSsp
= 1
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Sensitivity estimation
‣ The axion-induced effective magnetic field has an unknown velocity  and phase  

 

Random velocity  

‣ The signal is proportional to  , which is averaged to  

Random phase  

‣ The signal is estimated as a function of  :  

‣ We obtain the average  and the standard deviation  , which should be 

compared with the noise

vDM δ

BDM ≃ 2ρDM
gaee

e
vDM sin(mDMt + δ)

vDM

(vi
DM)2 (i = x, y, z) ∼

1
3

v2
DM

δ ∈ [0,2π)

δ S(δ) ∝ cos ( mτ
2

+ δ)
⟨S⟩δ = 0 ⟨S2⟩ ≠ 0
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Technical noise mitigation

45

J. M. Schloss+ ‘18
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‣  is observed, many attempts to make it longer in literatureT*2 ∼ 7 ms

Comparison among different T*n

46

Waldherr+, Nat. Nano. (2011)
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Constraints on  and gann gapp

47
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Hahn-echo sequence of  spins14N
‣  is observedT2 ∼ 9 ms

48

Aslam, et al. ‘17
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Timeline
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