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3 INTRODUCTION TO SPECIAL ISSUE SPIN

The next century of spin

ILYA KUPROV (@ AND WARREN S. WARREN (@ Authors Info & Affiliations
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SPIN

One hundred years of spin: Fundamental physics, dark
matter, exotic interactions, and all that

Dmitry Budker'?***t, Tim Chupp?°t, Klaus Kirch®’t, W. Mike Snow®+

For a century, spin has been an indispensable probe of the fundamental laws of nature. A reflection on the role of
spin in shaping modern physics is presented, from the early days of quantum mechanics to the latest precision
tests of the Standard Model. The significance of magnetic and electric dipole moments in testing CP and CPT sym-
metries is surveyed, along with the ongoing searches for exotic spin—-dependent interactions that may reveal the
nature of dark matter and its connection to spacetime geometry. Through these vignettes, it is shown that spin
continues to provide a fresh perspective on the most profound questions in physics today.
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What is Spin?
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The Stern-Gerlach experiment at 100, Nature 4, 140 (2022)
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Nuclear Magnetic Resonance Spectroscopy:

* Nucleus with spin (#HEIE )
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Charge moving Spinning spherical
in a circle nucleus
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Nuclear Magnetic moment p
p=yP

v -- Gyromagntic ratio

P -- Procession angular momentum
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NMR : analyzing samples non-destructively

Direct probes of nuclear spins

Nuclear spins are the engines of NMR. =
PR (58-08—2)ZHAEITHNMR)
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At the National Gateway
Ultrahigh Field NMR Center

Cutting-Edge Technology

Bruker Ascend 1.2 GHz NMR
282 T S$17.8 million

Only six 1.2GHz NMR
spectrometers in the world

Je {73 SNMR & R HOE ?

30



IR IIRAR—EDIRAZEESEE

Parahydrogen Induced Polarization, PHIP
AT anTaAhrarStatik (NMR) HEEKR
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@ T——Bubbling system ""N-acetonitrile (Exp.) 2
Solenoid coil —— =
Sample % Abundance: 0.36%
A

;_..—-l 2z 0 4 8 12 16

Vapor cell

’ ®)
) S % y 13C,"N-acetonitrile (Exp.)
= A= X
Laser beam gz ALl
‘ \ Intensity x 5
Pulse coils Intensity < 1

Magnetic shield

(b) IMes ) "
¢ | ™ sim. A ﬂ undance: 0.0D36%F,

H

N = CCH,
I, ll‘+ ,..\\\ﬂ
H | N _ _ 3
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N*\CQY 4, VY Sim. Abundance: 0.0036%

. L B R FEAAHBINA = F S F
15 0
N spin polarization of 0.5% Bl A K 49 5% ) B
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PHYSICAL REVIEW LETTERS 136, 133201 (2026)

Hyperpolarized Molecular Nuclear Spins Achieve Magnetic Amplification

Shengban Zhou,l’3 Qin Li,l’3 Yi Ren,1 Jingyan Xu ,4’5’6 Raphael Kircher ,4’5’6 Danila A. Barskiy ,4’5’6’7
gbang g . gy ; 123
Dmitry Budker®, 68 Min Jiang,l’ and Xinhua Peng® ™ !
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Dynamic nuclear polarization (DNP)
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Dynamic nuclear polarization (DNP)

The Overhauser magnetometer is a
scalar quantum magnetometer based
on the dynamic nuclear polarization
(DNP) effect in the Earth’s magnetic
field.

A special liquid (containing free,
unpaired electrons) 1s combined with
hydrogen atoms.

B — 1=
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Optical Magnetic Resonance

T AT Jedhia A S I IRIEAT

, TR s PRl
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R 32 RS Polarization Signal Energy per Spin
NMR
Laser spectroscopy ﬂ Q) hvrf
202p [ L 20
. m-ny o5 Laser
, Laser-assisted NMR: nt+n, 10 hvopt
magnetic resonance Optically n;-n,
pumped: ni+n| =1 Q Q 310°]

Sensitivity
increase by > 10 orders of magnitude
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Atomic Optical magnetometers

Alkali-metal (Rb, K)

Pump Beam

’
/
I
\
\
\
N\
Probe Bea%

* Single Valence Electron (relatively simple and well-
e A o understood)
7 \ =) $’% 77\%'%33{5% =, Strong Magnetic Dipole Moments (unpaired electron)
30T P3R5 7 TS, Optical Accessibility (efficient optical pumping)
1A "FL{/F A 1);(?1"—%3 # ‘ * High Vapor Pressure at Low Temperatures (practical
(IR A ) $ ’ B 7 & 5 BAK) implementation)

* Long Coherence Times (higher sensitivity and precision)
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Vapor cell: Alkali metal atoms

Figure from: D.Budker. : A new spin on magnetometry
Nature (News&Views) 422, 574 - 575 (2003)

Detector

TS
Polarization

plane of laser
rotated

Optical pumping
Spin precession
Probe (light intensity/light polarization)

Magpnetic field : Polarization

(v direction) (*) : vector rotated
by magnetic field

/

Laser
pump

z direction

- - ' ight/ph . Atoms/spins
Q’ / 3 Light/photons nght-a tom

-z

Interaction

 —

Potassium
atom i Polarization vector
set by laser pump

: \ Laser
. probe

x direction
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Bruker Ascend 1.2 GHz NMR
$17.8 million
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MO
resonance

Micah P. Ledbetter and Dmitry Budker

Counter to intuition, one doesn’t necessarily need a stirong magnet—or
any magnet, for that matter—to extract richly informative spectra from
nuclear spins.

Physics Today 66, 4, 44 (2013)




From high field to zero- & ultralow field

Without superconducting
magnet!

ZULF

Simplicity & safety

No superconducting
magnet and frequent
cryogenic maintenance

Ultra-narrow linewidth
High absolute
magnetic field
homogeneity

Untruncated Residua
| Dipolar Couplings
Rich spin dynamics

Zeeman Interaction >> Zeeman Interaction <
Local Interaction Local Interaction
Inductive detection Optical magnetometer
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NMR detector: atomic magnetometer

87\Rb vapor gas

ADVANCED
QUANTUM
TECHNOLOGIES

(£ A3 d L)
Min Jiang ef al. Advanced Quantum Technologies, 2000078 (2020) [Selected as Front Cover]
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Zero- & ultralow field NMR (ZULF)

HD
VAN

Optlcal

Thermal

Alkali atomic
magnetometer
> ((mmn) Inductive coun

Nitrogen vacancy
magnetometer

Pre-polarization Encoding Detection
- Thermal: Permanent magnet 4 pgagnetic field gradient O Superconducting coil
J Parahydrogen (Imaging) O Atomic magnetometer
0 Dynamical nuclear

polarization 4 J-coupling (Spectroscopy)

J. Magn. Reson. 270 (2016) 35-49




Zero- & ultralow field NMR (ZULF)
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M. Jiang et al., Phys. Rev.
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/ZULF NMR spectrum

(a) Zero-field spectra o () Near-zero-field spectra
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Min Jiang et al., Fundamental Research, 1(1):68-84, 2021.
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Quantum control in ZULF NMR

Pre-polarizing Applying pulse Free evolution

Signal amplitude vs DC pulse amplitude

ST T [CY oo T C- I Signal oc cos(6,;-) —cos(6,y;)
G THETAL I ELT T W I Ol Signal oc cos(6,) —1

Arbitrary rotation on 'H : RNitiEIR BRI 7N

Normalized signal

| 1 1 | 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

DC pulse amplitude (V)
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Problems for zero field quantum control
O Larmor frequency becomes zero at zero field

O DC magnetic field pulse has no selectivity

Control Optimal Control Time-optimal control
—0," 6.0
ol —L|_.J_|_|_ s
e 0.0 g .
mt& T
’— 43:0 . . . % of ! :' ‘:":_ “
B I . 7_|Ir | &/ X
ooen AN o
‘ ) .o Time(ps)
< ¢ P Simeme® % Ji et al,PRA 98, 062108 (2018)

Jiang et al., Science Advances (2018)  Jiang et al, PRA 97, 062118 (2018)

O 9889

0.9900 o 9928
l 0.9889

m  Experiment results
--- Fitting results

0.9 |

Normalized signal F

Average gate fidelity: 0.9960 (2)

| 00 S
%65 10 20 30 20 50 |o1) L‘ / 10y

m (number of computational gates) [10) |01
[11)

Single-spin fidelity: 99.6% Two-spin fidelity: 98.0%
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Quantum sensing: Geophysics , Earthquake. ..
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Zero- to ultralow-field nuclear
magnetic resonance and its

applications, Fundamental
Research, 1:68—84, 2021 (4%
%)

® Materials science

® Imaging

® (Quantum information
® (Quantum devices

® Fundamental physics
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Sensing using NV center

Atomic-scale magnetometry

I nucleus is featureless;
2 (or more) have characteristic

N. Zhao, J. L. Hu, S. W. Ho, J. T. K. Wan, &
RBL, Nature Nanotech. 6, 242 (2011).
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week ending

PRL 109, 137602 (2012) PHYSICAL REVIEW LETTERS 28 SEPTEMBER 2012
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Detection and Control of Individual Nuclear Spins Using a Weakly Coupled Electron Spin

T.H. Taminiau,' J.J. T. Wagenaar,1 T. van der Sar,' F. Jelezko,? V. V. Dobrovitski,? and R. Hanson'
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Sensing Distant Nuclear Spins with a Single Electron Spin
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Sensing using NV center

PROTEIN IMAGING

Single-protein spin resonance

spectroscopy under -
ambient conditions

SCIENCE ( 2015) 347, 1135 |

PHY.SICS . ‘T .. ~1; nm_\\ | .
Single proteins under | K

o o ¢
K
\\
a diamond spotlight —
A diamond nanomagnetometer is used to probe
conformational changes of a single protein |

By Philip Hemmer* and Carmen Gomes?* | in a virus molecule down to
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