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• NV center is a lattice defect in diamond

• Used as quantum sensing device

• Measurement of electron spin
• Control on electron/nitrogen spins

• With electron spins

• (Dark matter-induced) 𝐵-field

• With nitrogen spins

• Dark matter-nuclear spin interaction
• Comagnetometry
• Hybrid dynamical decoupling

1 minute summary

L. M. Pham ‘13

Image credit: press release from Kyoto University (5/16/2025)

Electrons
in Vacancy
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⓪ Introduction to dark matter
①

②

③

④

https://www.kuicr.kyoto-u.ac.jp/sites/topics/250516/
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⓪ Dark Matter as a hint of new physics

Knowns

• DM existence, abundance

• Has gravitational interaction 

Unknowns

• Mass

• Non-gravitational interactions

E. Corbelli, P. Salucci (2000) Planck Collaboration
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Mass scale of dark matter

• Classical wave-like dark matter (axion, dark photon) has 𝑂(1020) mass spread

Credit: TASI lecture by Tongyan Lin

dc-like mHz Hz THz

particle-like

…

wave-like
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• Assumes coherent oscillation:

• DM energy stored in field oscillation
• 𝑎 𝑡 = 𝑎0 sin 𝑚𝑎𝑡 − 𝑚𝑎 Ԧ𝑣𝑎 ⋅ Ԧ𝑥 + 𝛿

• 𝜌𝐷𝑀 =
1

2
𝑚𝑎

2𝑎0
2

• Coherence time of oscillation

• 𝜏𝐷𝑀 ∼
𝜆𝐷𝑀

𝑣𝑎
∼ 7s

10−10 eV

𝑚𝑎

Wave dark matter

𝜆𝐷𝑀 ∼
2𝜋

𝑚𝑎𝑣𝑎
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• Coherent oscillation leaves interaction-dependent signals on direct detection

𝑎 𝑡 = 𝑎0 sin 𝑚𝑎𝑡 − 𝑚𝑎 Ԧ𝑣𝑎 ⋅ Ԧ𝑥 + 𝛿

Wave dark matter signals at direct detection

Example: axion-fermion interaction

ℒ = ෍

𝜒=𝑒,𝑛,𝑝,⋯

𝑔𝑎𝜒𝜒

𝜕𝜇𝑎

2𝑚𝜒
ҧ𝜒𝛾𝜇𝛾5𝜒

• Non-relativistic limit of the interaction

𝐻eff
𝜒

=
𝑔𝑎𝜒𝜒

𝑚𝜒
∇𝑎 ⋅ Ԧ𝑆𝜒

• Can be interpreted as an effective magnetic field acting on fermion spins

𝛾𝜒𝐵eff
𝜒

≃ 2𝜌𝐷𝑀

𝑔𝑎𝜒𝜒

𝑒
Ԧ𝑣𝐷𝑀 cos 𝑚𝑎𝑡 + 𝛿

and similar (but different) interactions for dark photon…
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① NV center in diamond

• A stable complex of substitutional nitrogen (N) and vacancy (V) in diamond

• The charged state 𝑁𝑉− has two 𝑒−s localized at V

• The ground state: 𝑒− orbital singlet, spin triplet (S=1)

L. M. Pham ‘13
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Fluorescence measurement

TIR
lens

Dielectric
reflector

SiC
wafer

532 nm

Photodiode

Colored
glass filter

Diamond

excitation

Light pipe

• Fluorescence measurement offers access to the mixing angle of the spin state

𝜓 = cos
𝜃

2
0 + sin

𝜃

2
|±⟩ 

J. F. Barry, et al. ‘23
J. M. Schloss, et al. ‘18
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Rabi cycle

• Spin manipulation by transverse field

𝐵1 = 𝐵1 ො𝑦 sin(2𝜋𝑓𝑡)

• The mixing angle can be controlled

𝜓 𝑡 = cos
𝜃(𝑡)

2
0 + sin

𝜃(𝑡)

2
𝑒𝑖𝜙|+⟩

𝜃(𝑡) = 2𝛾𝑒𝐵1𝑡

• Bloch sphere representation

  maps 𝜃 to polar, 𝜙 to azimuth angles

J. F. Barry, et al. ‘20

𝑓
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• Prepare the state on the 𝑥-axis

𝜓 0 =
1

2
0 + +

• Signal magnetic field 𝐵𝐷𝑀
𝑧  generates 

relative phase difference

𝜓 𝜏 =
1

2
0 + 𝑒𝑖𝜑(𝜏) +

𝜑 𝜏 = 𝛾𝑒 ׬
0

𝜏
𝑑𝑡 𝐵𝐷𝑀

𝑧 (𝑡) ≃ 𝛾𝑒𝐵𝐷𝑀
𝑧 𝜏

② Free precession

1

2
(|0⟩ + |+⟩)

1

2
(|0⟩ + 𝑖|+⟩)
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1.  (π/2)y pulse

2. Free precession for 𝜏

3.  (π/2)x pulse

4. Fluorescence measurement

• Signal estimate 𝑆 ≡
1

2
𝜓𝑓𝑖𝑛. 𝜎𝑧 𝜓𝑓𝑖𝑛. ∝ 𝜑 𝜏

• 𝜏 ∼ 𝑇2
∗ ∼ 1 𝜇𝑠 : spin relaxation (dephasing)

Ramsey sequence

Detection protocol for DC signals
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Sensitivity on axion DM (DC)

• (Roughly) universal sensitivity to the dc-like region 𝑚 < 2𝜋/𝑇2
∗ ∼ 10−8 eV

SC, et al. [2302.12756]
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Spin echo sequence for AC signals

• 𝜑 𝜏 = ׬
0

𝜏/2
𝑑𝑡 𝐵𝐷𝑀

𝑧 𝑡 − ׬
𝜏/2

𝜏
𝑑𝑡 𝐵𝐷𝑀

𝑧 𝑡  is targeted at the frequency ∼ 1/𝜏
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Longer relaxation time, dynamical decoupling (DD)

• No dephasing from dc fields

• Relaxation time 𝑇2 ∼ 100 𝜇𝑠 ≫ 𝑇2
∗ ∼ 1 𝜇𝑠  

• Even longer 𝑇2 with DD

Degen, et al. “Quantum Sensing” ‘17
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Sensitivity on axion DM (Spin echo, DD)

• Pros: better sensitivity at target frequency ∼ 𝑁𝜋/𝑇2 ∼ 𝑁𝜋 × 10 kHz 

• Cons: (relatively) narrow-band search
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• Hyperfine interaction between    

𝑒− and 14𝑁 spins (𝐼 = 1)

𝐻ℎ𝑦𝑝. = 𝐴∥𝑆𝑧𝐼𝑧

• Causes hyperfine splitting of 

energy levels

• Full control on two-qubit system 

of 𝑒− and 14𝑁 spins available

③ Full control of nuclear (𝟏𝟒𝑵) spins

Dutt, et al. Science (2007)
Neumann, et al. Nature (2010)
van der Sar, et al. Nature (2012)
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Dutt, et al. Science (2007)
Neumann, et al. Nature (2010)
van der Sar, et al. Nature (2012)

MW
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• Hyperfine interaction between    

𝑒− and 14𝑁 spins (𝐼 = 1)

𝐻ℎ𝑦𝑝. = 𝐴∥𝑆𝑧𝐼𝑧

• Causes hyperfine splitting of 

energy levels

• Full control on two-qubit system 

of 𝑒− and 14𝑁 spins available

Full control of nuclear (𝟏𝟒𝑵) spins

Dutt, et al. Science (2007)
Neumann, et al. Nature (2010)
van der Sar, et al. Nature (2012)

Radio
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General manipulation and read out

• General 𝑆𝑈 4  with ≤ 3 CNOT gates • Precise measurement possible

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 decomposit ion 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− i H 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 (h x + π

2
)σx , v2 ≡ e− i h z σz , (7)

u3 ≡
− i
√

2
(σx + σz ), v3 ≡ ei h y σz , (8)

w ≡
I − iσx
√

2
, (9)

so that u4 and v4 in (3) are

u4 = u′4w, v4 = v′4w− 1. (10)

Let us int roduce 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 rewrit ten as

H =

1

m ,n = 0

λm n |γm n ⟩⟨γm n |, (11)

with λm n defined as

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

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

Then e− i H becomes

e− i H =

1

m ,n = 0

e− i λm n |γm n ⟩⟨γm n |. (14)

Direct inspect ion shows that circuit (6) indeed acts on

the Bell basis |γm n ⟩ as [11]

|γm n ⟩ −→ e− i λm n |γm n ⟩, (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

|γm n ⟩ −→ |x m⟩A ⊗|zn⟩B , (16)

where |x 0⟩ ≡ (|z0⟩ + |z1⟩)/
√

2, |x 1⟩ ≡ (|z0⟩ − |z1⟩)/
√

2.

The local t ransformat ion u2 ⊗v2 int roduces convenient

phasesφm n (hx , hy ) into this local basis, and maps it into

a new product basis,

|x m⟩A ⊗|zn⟩B −→ e− iφm n (hx ,h z ) |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 |x m⟩A ⊗|zn⟩B
basis and introduces more phases φ′n (hy ). The leftmost

CNOT in (6) maps the lat ter product basis back into the

original Bell basis,

|x m⟩A ⊗|zn⟩B −→ |γm n ⟩, (19)

and the final local gates w ⊗w† exchange vectors |γ10⟩
and |γ11⟩ in order to undo the permutat ion (18) [and

also add a π/ 4 phase to each of them], so that circuit (6)

implements transformat ion (15).

As shown in [2], a nontrivial subset of two-qubit uni-

tary t ransformat ions, namely control-V transformat ions

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 decomposit ion (4)-(5), so that they

are locally equivalent to a control-phase gate Uϕ ,

Uϕ |zm⟩A ⊗|zn⟩B = e− i m nϕ |zm⟩A ⊗|zn⟩B , (20)

for an arbit rary phase ϕ. Theorem 2 characterizes the

set of two-qubit t ransformat ions 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.

T heorem 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) Neumann, et al. Nature (2010)
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• Axion interactions with

• Orbital angular momentum: None
• Neutron spins ∝ 𝑔𝑎𝑛𝑛

• Proton spins ∝ 𝑔𝑎𝑝𝑝

• Need to understand composition of 14𝑁 spin

• Odd-odd nucleus

• 𝐻𝑖𝑛𝑡 = 𝛾14𝑁𝐵𝑎 ⋅ Ԧ𝐼

𝐵𝑎 ∝
1

6

𝑔𝑎𝑛𝑛

𝑚𝑛
+

𝑔𝑎𝑝𝑝

𝑚𝑝

 ≡
1

3 ෩𝑓𝑎

Axion interaction with 𝟏𝟒𝑵 spin

“Introductory Nuclear Physics” by K. S. Krane
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Sensitivity on axion-nucleon couplings

• Benefits from a long coherence time 𝑇2𝑁
∗ ∼ 7 ms 

SC, et al. [2407.07141]
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• Comagnetometry

• Provides noise mitigation 
using two spin species

• Suitable for probing exotic 
spin interaction like axion

• Ex) Mixed gas of K- 3He

④ Recap: comagnetometry
P

o
la

riz
a
tio

n
 M

e
a
s
u
re

m
e
n
t

K

P
ro

b
e

 L
a

s
e

r
Pump Laser

⊙b⃗n
ẑ
x̂

3He

K

3He

3He

3He

3He

3He

3He

3He

3He

K

3He

K Droplet

I. Bloch, et al. JHEP (2020) 167

T. W. Kornack and M. V. Romalis ‘02
G. Vasilakis, et al. ‘08
J. M. Brown, et al. ‘10
J. Lee, et al. ‘18                      and more



26So Chigusa @ The Frontier of Particle Physics: Exploring … Quantum Science … (6/17/2025)

Comagnetometry protocol

• Fine-tuned choice of free precession times lead to noise cancellation

• 𝜑fin. = 𝜙𝜏𝑁
+ 𝜙𝜏𝑒

≃ 𝛾𝑒𝐵𝑧𝜏𝑁 + 𝛾𝑁𝐵𝑧𝜏𝑒   requires  𝜏𝑁

𝜏𝑒
=

𝛾𝑒

𝛾𝑁

• Axion signal remains the same order

• 𝜑fin. ∝
𝑔𝑎𝑒𝑒

𝑚𝑒
𝐵𝐷𝑀

𝑧 𝜏𝑒 +
1

6

𝑔𝑎𝑛𝑛

𝑚𝑛
+

𝑔𝑎𝑝𝑝

𝑚𝑝
𝐵𝐷𝑀

𝑧 𝜏𝑁
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Sensitivity recovery by comagnetometry

• Assumed a white noise + 1/𝑓 (pink) noise

noise cancellation
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Sensitivity improvement by hybrid DD

• Realize DD-like sequence with both 𝑒− and 14𝑁 spins

• Pros: longer relaxation time as for DD

• Pros: broad-band search of axion signal

• Need more detailed (experimental) 

studies to determine relaxation time
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Our experiment

Laser
NV centers

Microwaves New 
fields

fNV diamond

FY22 FY23 FY24 FY25

First idea &
Theory [1]

Experiment 
[2]

Cryogenic experimental
setup

Initial 
  experiment

FY26 FY27

Accuracy 
improvement

Experimental setups @ QUP/KEK (Image credit: Prof. Iizuka)

Our approach on statistical treatment:
“Standard deviation quantum sensing”
E. D. Herbschleb, SC, et al. [APL Quantum 1, 046106]
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Discussions and Conclusion

• NV center magnetometry provides opportunities to explore DM signals

• Over broad frequency range
• Through various different spins

• DM-specific protocols can be considered for further development

• Nuclear spins
• Comagnetometry
• Hybrid dynamical decoupling for broadband sensing

• Setting up an experiment at QUP with NV + cryogenic
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Backup slides
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• Dataset 𝑆 𝑡𝑗 𝑗=1,…𝑁
 for repeated meas.

• Power spectral density (PSD) 

𝑃𝑘 ≡
1

𝑡obs

න 𝑑𝑡 𝑑𝑡′ 𝑒
𝑖𝜔𝑘 𝑡−𝑡′

𝑁 ⟨𝑆 𝑡 𝑆(𝑡′) ⟩

𝜔𝑘 ≡
2𝜋𝑘

𝑁𝜏
 (𝑘 = 0, … , 𝑁 − 1)

• 𝑃𝑘 = 𝑆𝑘 + 𝐵𝑘 = 𝐵𝑘
proj

+ 𝐵𝑘
shot + 𝐵𝑘

ext. + ⋯

𝑞 = 2 ෍

𝑘

1 −
𝐵𝑘

𝑆𝑘 + 𝐵𝑘
− ln 1 +

𝑆𝑘

𝐵𝑘
≃ −2.71

Data analysis with PSD

95% exclusion limit
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Single-qubit model with random noise/signal

• 𝐻 = 𝜆 𝑓 𝑡  𝑔 𝑡  ො𝜎𝑧

• 𝜆: noise/signal amplitude

• 𝑓(𝑡): normalized random function with 𝑓 𝑡 = 0

• Model of relaxation process: 𝑓 𝑡 𝑓 0 = 𝑒−|𝑡|/𝜏𝑐

• External noise: 𝑓 𝑡 𝑓 0 = ׬
𝑑𝜔

2𝜋
𝑒−𝑖𝜔𝑡  𝑃(𝜔)

• Axion signal: 𝑓 𝑡 𝑓 0 = cos(𝑚𝑎𝑡) Θ(𝜏𝑎 − |𝑡|)

• 𝑔 𝑡 : filter function

• Ordinary magnetic field: 𝛾𝑁Θ 𝜏𝑁 − 𝑡  + 𝛾𝑒Θ 𝑡 − 𝜏𝑁

• Axion signal: 1

3 ሚ𝑓𝑎
Θ 𝜏𝑁 − 𝑡  + 𝑔𝑎𝑒𝑒

𝑚𝑒
Θ 𝑡 − 𝜏𝑁

Dephasing ∝ 𝑒− 𝜏𝑒/𝑇2𝑒
∗ 2

From noises with
𝜏𝑒 ≪ 𝜏𝑐 ≪ 𝜏𝑁

Successful noise cancel
(next slide)
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