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Nuclear Magnetic Resonance Spectroscopy:
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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
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Magnetic resonance Laser spectroscopy

Polarization
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Laser-assisted
magnetic resonance

Laser

NMR:

s

Optically n;-n;

pumped:

Signal Energy per Spin

The role of the light
* polarize the spin system

* measure the spin polarization, serving as a
detector

* influence the dynamics of the system.
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Optical Pumping

* First suggested by Kastler [J. Phys. Radium, 1950, 11, 255.
Science, 1967, 158, 214]

Circularly polarized light, Spontaneous emjssion

m, = +1
/// 1
|
1
J=5




Optical detection: Circular Dichroism

The complement of optical |e)

Circularly polarized

pumping: it transfers spin light couples to

angular momentum to the O+ . _these transitions
photons and polarization- |,y G 2u r2 DD
selective detection Transmitted light

measures the photon

) -
angular momentum. o
; 7 Polarization-

selective
detection

An(€) = —2nolagNo (p+ — p-) = —2nplagNoAp ’
S & (P — P11)

F. Bitter, Phys. Rev., 1949, 76, 833. population difference
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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)
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hrse ( Faraday ) 38
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9 [n+(V) - n_(V)],

1
0 = g’reclnP [—fplD(u — vp1) + EfDQD(V — I/DQ)]

(v—uy)/m
w Pv=wl = e fo2~2f;
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Alkali Vapor Cell

Randomly oriented
atomic spins

Apply Small Magnetic Field

Spins precess in magnetic field

Circular
polarization

i)

Pump

i)

Oriented spins rotate the polarization

Optical pumping

BE

Spins align with the
pump beam

Detect with probe beam

<+— Output
polarization

=@

< |nput
polarization

Probe beam

(Faraday rotation)
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—  K—K spin exchange —He . —
Rse =no, U spin exchange Rse =no,U
A
o 5 b~
w.‘ \\.
i o ‘ ‘\. '.’_ o
4 ® . b anf
o ) ‘o ..
i . o Wall collision:
= Q
» o o s =
o ® o P T
'8 de P Y R, = D—==—(=)*q(P)
st 3 T by (T) v
,/? \\"?. o]
. s a®.°
» o .
o . . ; o "' «
]—'—.i’ 4-‘. o ©
o ' °
’ °
RS , =Nno, dU K-N, spin destruction K-K spin destruction RS g —Nno, dU

W. Happer and H. Tang, PRL 31, 273 (1973); W. Happer and A. Tam, PRA 16, 1877 (1977);
41



Spin exchange relaxation

@ Decoherent

o1 (21(21—1))
20T, \ 3(2I +1)2

preserves total angular momentum but
changes the hyperfine state, causing
the atoms to process in opposite
directions and decohere.

Q is the "slowing-down" constant

@ Coherent
F=1

F=2

v BT, 1 (2I +1)?
Fae = om 2 (1 B Q? )

experience two spin-exchange collisions in
rapid succession, causing the atoms to

process in opposite directions only slightly
before a second spin-exchange collision

returns the atoms to the original hyperfine state.
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Mg,
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| g F=1 F=1
PRL 31, 273 (1973) w J
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Spin exchange relaxation-free (SERF) magnetometer

104 1 1 1 1 1 1 1
§ 200 ° C
1000 Relaxation rate Ry = QAv ———
N 180 ° C
- 160 ° C
= 100 f .
aw
E Traditional
o 10f magnetometers 5
z
5 SERF
) 1E a 2 cm diameter cell with 4
~ 3 atm He buffer gas, 60
Torr N2 quenching gas
0.1 1 1 1 1 1 1 1
106 10-5 104 0.001 0.01 0.1 1
a 1 cms vapor cell Magnetic Field B (Gauss)

~ 10 aT Hz /2




SERF magnetometer signal

Optimum signal Rop = Ry
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Resonance half-width Av (Hz)
(\O) W NN (¥
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n I | — T 1 T .. i
: wRT

- 1 1 I+ 1)? -

i — szSE|:_ — i|q2 i

P L2 2¢ ]

- : M. Romalis
:_1 o f Hz-V/2 a shot-noise limited 1 ERERKE
B sensitivity: 2 aT Hz 12

- in 7 cm?cellat 190 ° C - BRI
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 : SERFIJ‘\‘%

0 50 100 150 200 250

Chopper Frequency (Hz)

Phys. Rev. Lett., 89:130801, Sep 2002.
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A subfemtotesla multichannel
atomic magnetometer

| K. Kominis*t, T. W. Kornack*, J. C. Allred:: & M. V. Romalis*

* Department of Physics, Princeton University, Princeton, New Jersey 08544, USA

t Department of Physics, University of Washington, Seattle, Washington 98195,
USA

The magnetic field is one of the most fundamental and ubiqui-
tous physical observables, carrying information about all elec-
tromagnetic phenomena. For the past 30 years, superconducting
quantum interference devices (SQUIDs) operating at 4K
have been unchallenged as ultrahigh-sensitivity magnetic field
detectors', with a sensitivity reaching down to 1T Hz ™"
(1T = 107°T). They have enabled, for example, mapping of

Magnetic field (fT Hz=12)

100

0.1

—_—
—
Ve -
=

|

A u

\VEVYAVAN "'\J k.

R F
0.54 fTHz 2 1in 0.3 cm?

180 ° C

Nature, 422(6932):596—-599, 04 2003
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Frequency (Hz)

APPLIED PHYSICS LETTERS 97, 151110 (2010)
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Fundamental sensitivity limits

Spin-projection- noise-limited (or atomic shot-noise-limited) sensitivity 8Bs.

1 F rel

SBgn A — . N: the total number of atoms
YV NT [ the spin-relaxation rate
T : measurement time

T >> 1_1rel_1

1 /1
Photon-shot-noise-limited sensitivity S =~ SV Br inrad/ VHz
T

@ : the probed photon flux (photons/s) detected after the atomic sample

For an atomic-vapor-based optical magnetometer the dominant spin-relaxation
mechanism becomes either spin-exchange or spin-destruction collisions T, =&n

1 /& The relaxation constant € :
N =nV 8B0Pt ~ =\ oo 10-9 3 d ~10-13 3
vV Ve cm3/s an cm3/s

JV=1cm? magnetic sensor ranges between 10-1tand 10-3 G/VHz (1 to 0.01 fT/vHz)
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Helium (He) magnetometers

Optically Pumped He-4 Magnetometers

B0
B. coil :‘>
Circular 1
) = =
polarizer
IR detector
I
HF exciter [__} '

—

Laser Coil
3 l con trol I control
2 P II ’l ll
D, (lin.pol.) ,”,,","
/_L”-'I/ m +1

e o m, = 1_> Magnetic resonance
HF discharge

1 / use polarization of the 23S, metastable state
° populated by a high-frequency discharge
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Angular Momentum Reservoirs

No direct transfer to nuclear spins from photon. However, the
coupling between electronic and nuclear angular momentum 1s

usually strong enough to provide an efficient transfer mechanism.

Nuclear
spin
Hyperfine .
yP t Hyperfine
Absorption
Photon Electron Electron
spin Emission | ©r0i@l 1Spin—orbit| Spin

t Spin—rotation

Molecular
rotation
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NUCLEAR POLARIZATION IN He® GAS INDUCED BY OPTICAL
PUMPING AND DIPOLAR EXCHANGE*

M. A. Bouchiat,T T. R. Carver, and C. M. Varnum
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received September 26, 1960)
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Clock-comparison comagnetometer

129X e: spin-1/2 131Xe: spin-3/2

<s L Q29| = |7129|B + ot

> e 31| = 713118 — (ot
e ¢ " 40 = —27 x 11.86 mHz/nT

S ;i . vi31 = 27 X 3.516 mHz/nT
ONobiegasa  @NobegsB @ Allali mea Y120 | Q131 — 7131 ] Q129

Qrot —

Y129| + |y131]

Magnetic fluctuations (e.g.,due to current noise) can be eliminated.
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PRL 95, 230801 (2005) PHYSICAL REVIEW LETTERS 2 DECEMBER 2005

Nuclear Spin Gyroscope Based on an Atomic Comagnetometer

T. W. Kornack, R. K. Ghosh, and M. V. Romalis

Department of Physics, Princeton University, Princeton, New Jersey 08550 USA
(Received 6 May 2005; published 29 November 2005)

a) - b

Pump Pump
laser laser
B
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Spin Dynamics

The transverse polarization components

pi_ lP” By Ty cos(2vt) +27(v — Vo) T4, sin(27vt)

= +Ce !/Tan cos 2TVt ),
© 2 VT (1aBle /2)2 Tin Ton + [270(V — W) ]PT2, ( )
T, sin(2mve) — 21 (v — vy ) T2 2TVt

1
P)’}_ ingn

The effective field experienced by 37Rb atoms  B.g = A M"P”

- r n
Steady state response effective field generated by '“”Xe x magnetization

7\
~

N\

n

1 Ts, cos(2mvt) + 21 (v — vy) T2 sin(2m vt
i = :EAMnP(’)l nBzc n (y )2 ( ) 2n ( - 2)x
— 1+ (YnBaC/z) TlnTZn + [277:(‘/ — VO)] Tzn

effective field generated by '?°Xe y magnetization

7\
Vs

N EAM”P(;’)/ g D sin(2zvt) — 27(v — vo) T4, cos(2mvt)
9) n+=ac

— 1+ (’}’ntc/z)lenTZn + [271'(\/ — VO)]ZTZZn 4

~
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ARTICLES nature _

https:/doi.org/10.1038 /s41567-021-01392-z PhYSlCS

M) Check for updates ‘

Search for axion-like dark matter with spin-based
amplifiers

Min Jiang"237, Haowen Su'237, Antoine Garcon®5, Xinhua Peng®"23= and Dmitry Budker ® 456

cos(2mvt) +2m(v — vp) Tr, sin(27wvi)
YoBac/2) 2 TinTon + 27(V — ) |2 T2

sin(2zvt) —2x(v — Vo) Tr, cos(2mve)

1+ QYnBa{c[Z? TinTo + [270(V — V02|2T224y

E%?Zi/%ﬁ&jc*j‘ zu@m SRR
BFIAMRSE : N = S AM RS T

1
Befr = EA«MnPg'YnTMBaC

1
+2)~MnPnYnT2n ac
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Response signal (V)

Intrinsic time-independent spin systems

5 I_N'I'Ba ~ 2 Ty v v T IB 2 E . . : . lll‘ . . .
T Yo T1nTon’ 2 o TinTon On-resonance
- S t
0.2 |- 001+ .
. Near-resonance B | ® v=8.96 Hz
) i) g ® =320 Hz
4
- e - [ s =25 uV-pT-1 1
14 & 0 M
0.1 (On-resonanceg . Far-off-resonance .,
A - — 15 30 45
i A 7.00 Hz i Oscillating magnetic field (pT)
4 ¢ 8.80 Hz
. ® 896 Hz Slope: J:.?efs.plc()jnse to the
i 7 magnetic fie
) Far-off-resonance ™ 2.05Hz | 9
¥ 320 Hz
O%UUhULl“Uluul.“‘ At least two orders of
15 30 45 60 magnitude improvement

Oscillating magnetic field (nT)
Linear Nonlinear Saturated
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Resonant amplification of magnetic field

Amplification p — IBZ: /B
factor: n=~ 0

1 n n
n = iﬁMo Fomlon > 1

Jiang et al., Nature Physics 17, pages 1402—-1407 (2021)
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Magnetometer with spin-based amplifier

a Amplification factor:

0 i?%

1 n n

Ba sin(21Tvt) A R
)" ;’ 0B =
NPy NT,t
Q -
X y g Beff » Ba
Q.
ol
Spi 1-amplified maghetometer
To be measured Resonant
Xe ampllﬁer I:l Rb detector condition

magnetic field S5F .

l

(Y
N
o o)
=)
o
Amplitude (V)

o

Al == 7

Jiang et al., Nature Physics (2021). DOI: 10.1038/541567-021-01392-7
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Amplification factor n

Ultrasensitive magnetic field sensing

t 170 T T T
e data
150F —— average -
130/ n=128+03 ge_
0990
10 .
90 1 1 1
0 25 50 75 100

Resonant frequency v (Hz)

Magnetic field is
amplified by a factor
of more than 100!

O]

Sensitivity (pT/Hz!?)

1010

Axion mass (feV)

41.36 82.71 12407 165.43

10°F
1015

102k

18 fT/Hz1/2

spin-projection-noise limit

10 20 30 40
Frequency (Hz)

Femtotesla-level
sensitivity!

1fT=10-15T

Jiang et al., Nature Physics 17, pages 1402—-1407 (2021)
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Hybrid spin systems Significant amplification using dark spins
-
PNAS RESEARCH ARTICLE PHYSICS C;;z?

Observation of magnetic amplification using dark spins

Min Jiang®®<" &), Ying Huang®®<', Chang Guo®®°, Haowen Su®®c, Yuanhong Wang®®®, Xinhua Peng®®%?, and Dmitry Budker®®f

Edited by Joshua Combes, University of Colorado, Boulder, CO; received September 9, 2023; accepted February 10, 2024, by Editorial Board Member

Rernard F Srhaitz

Dark noble-gas nuclear spins

Amp. Factor: X =AYMPT, without purnp light T2~6 minutes
bias field
1 I . 06
B! n" B =6000 I = I
3 S -Hit--------F---%-- <04
6 ¢ S 4000 ﬁ[ ] [ = 1
Rl — [s~3
6 22000} | S 502t I—iI i i
2 L e - o __p____ E__ |
‘ ‘ Beff < . . . . ) s
¢ ¢ 50 100 150 200 o 0150360
- Resonance Frequency (Hz) Resonance Frequeney (Hz)
“Dark spin
lif pt Amp. factor: ~ 5400 ~0.1 fT @10Hz
amplifica ion” Measurement time: 500s
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Amplification mechanism with interacting atomic gases

\% Mtz — M°
5 :g(B+AM”)xM€+{T OT Tyl
2eyL2e) le}Q
oM" Mlz —M"
= Y (B+AM?) x M" + —0 ,
Yn( ) {T2n7T2n7Tln}

dt
Holstein-Primakoff G ML p_ M?
transformation v/ 2YaME 2y, MY
a\y . (o,+iy —J a hg
% (13) B ’< —J a)b+in) (13) i (hb>
Wy = Ya(By + AMD) - i . .
Larmor frequency g, — (5. - ) Bidirectional interaction
Decoherence rates r J=A \/ yabeng
a,b

(noninteracting)




Amplification mechanism with interacting atomic gases

Eigenvalues of the coefficient matrix:

B @y = (0q + @) /2,
54,b+ira,é:w0+i)(:|: V]2+F2 x=Ta+T1%)/2,
=3+,
Dressed decoherence rates
6 = (0q — @p)/2,
T,= y— Im\/J? 4 (8 +iB)? p=Ta—T})/2
Steady-state response (Fano profile)
2
+ €
Fe) = o ()9 3 + B(e)
1+e :
/. noninterference
interference
alkali ¢ » noble
—H o, — O
£ = @ b , Fano parameter ¢q = b_—ab W,y = O + ybAMf
I, L'y




Amplification mechanism with interacting atomic gases

Weak coupling regime Strong coupling regime

87Rb and '?Xe is T, ~ 30kHz and T, ~ 7 mHz J>B

J~30HZ  J/pa6x107 « 1 T,=y~T,/2

Measurement bandwidth to be half

a)b ~ @y and W, ~ 0
@ that of alkali-metal spins

T, = yx—Im/T2+ (5 +iB)>
 WAME +|/J? =B
A - Data — Fit curve - C d |q| o -
N S orrected s b I, l
- —WAM » e
Z = L additional amplification
< I
Ero0 b e.g., K-3He system
;§ y \. Amplification factor J/B ~100 (Prediction)
3 m \\/ =4 Advantage: much broader
o) amplification bandwidths with a

20 360 200 -100 0 100 200 300

Magnetic field 5, (mG) suitable amplification factor




Amplification mechanism with interacting atomic gases

Interference destructive Interference enhancement

Quantum amplification

Quantum Suppression Fano profile
€=-q (g+e)” e=0
Fe) =4 (e)——5 + Ble)
I+é
a 107 - g — S524a
2 B g — aa3
10° | g 7 — 356
- S 107 D 2°358
= . = g — 79.4
= 10" | =——
= 10" =75 os 10.1 10.12 10.14 4
g o ‘Freqllerlcy (CH=) r
:c__ﬁc 10 — - £ 2 3 = =
g —— -
= 1 . . =
10" | \ /
V// - . ' £. = 859 mG
10 2 [Deamplification—— : . A mnlification
Uulllrllllg.lutlull KX S o o 5 IGIIHIIIIHL&.IyII

Scanning frequency (H=)

87Rb-129Xe

Jiang et al., PNAS 122, e2419683122 (2025)



Magnetic noise self-compensation effects

—~
(3
~

Normalized
amplitude

Self-compensation
frequency (Hz)

10F

=l Suppression

AM? =120 nT
B,~323nT

10 15
Scanning frequency w/2n (Hz)

A JM? =403 nT
o AMP=261nT
o IMP=120nT

—600

—400 =200 0
Bias magnetic field B, (nT)

200

®K :a
®3He: b

A(w) = Aofa)|

Deamplification frequency

(g +¢)?
1 + &2

]1/2

oF ~ Y [(B; + AMS + AMP) (B, + AM®)]'/?

can be adjusted by the bias field Bz

Previous comagnetometer (a special case)

(Phys.Rev.Lett.89, 253002, 2002)

B, +AMS +AMS =0

OF ~ Y [(B; + AME + AMD) (B, +AM)]'/? = 0

Self-compensation at near-DC (< 1Hz)

88

Qin et al., Phys. Rev. Lett. 133, 023202 (2024)



Interaction strengths of existing experiments with hybrid atomic gases

J=A \/ YaYoMIM é’ K-3He system: more readily to achieve strong-coupling regime
Spin System Operation Types AM? AMP J/2x B/2n J/B
K->He (5) Comagnetometer 24nT 1094 nT 78Hz 3.65Hz 21
K->He (6) Comagnetometer 14nT 500nT 38 Hz 60 Hz 0.64
K-3He (3) Comagnetometer 2nT 100nT 6.7Hz 4Hz 1.6
K-*He (7) Comagnetometer 1.4nT? 100nT 5.6 Hz 1.6 Hz 3.5
Rb-2!Ne (8) Comagnetometer 110.6nT 579.4nT 40 Hz 74 Hz 0.54
Rb-2'Ne (9) Comagnetometer 104 nTP 250nT 25Hz 80 Hz 0.31
Rb-12?Xe (10) Comagnetometer 0.33nT 53nT 1.2Hz 37Hz 3x 1072
Rb-12Xe (2) Spin Amplifier 20nT 200nT 18 Hz 10kHz 1.8x1073
Cs-1Xe (11) Comagnetometer 4nT 340nT°® 11 Hz 680 Hz 1.6 x 1072
Cs-1?Xe (12) NMR Gyroscope 18nTd 100nT 12Hz 300 Hz 4.0x 1072

Rb-129Xe This work inT 300nT 4.8 Hz 1.6 kHz 6x1073




Ongoing experiments for strong coupling regime

K-3He system:

r, ~ 2mx10~40 Hz,

I, ~ 2wx0.1Hz

Pump

aqoid

Y

=
.L% z:? PT unbroken
Coupling- §“ S~
induced i
PT phase = T
transition

Imag. Eigenval.
=

PT unbroken

System eigenfrequencies

2

Relative exchange strength J/8

(submitted)

60

Strong coupling :J > B =

Weak coupling

l-‘a_rb

2

- —e— JB=04

Critical coupling

A = w,-w, (HZ)

60 ' | Strong éouplinq |

[ JB=3.3
Or /M—OHH“"
-80 -40 0 40

80
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Floquet amplification

|12

i

& H Floquet spin
ampllflcatlonﬂ%u\ ,

A DN

41
Mo (u) = ?KOM"P"Y T (1)

N
=
- T -
|
les]
=

Amplification

fg
=

. 6 8 T 14
Scanning frequency (Hz)

Tm‘m‘fiﬂzjc =~ 1015 , 13
IJfT/Hzlf2 IBE

PRL: Editors’ suggestion

Jiang et al., PRL 128, 233201 (2022)
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Noble-gas Masing Effect

Spin amplification combines with a feedback

Radiation Damping

feedback

Coherent spin
oscillations

A feedback mechanism . X Y
Atomic clocks
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Measurement-feedback spin amplification

Nobel Prize: Maser and atomic clock

[

Optical
frequency

( Optical cavity )

2l
C. Townes G.Basov M. Prokhorov

N. F. Ramsey
Microwave
Photoelastic Detector —F——"—"| /01 frequency
modulator amplifier ( Cavity )
Periodic field
JVAVATAVAYAVATA
Radio
T, Feedback ’
B-field RS .i.:' ] ‘: coil L frequency
-Tielas " [} .
N feedback Coils )
Function Polarizin:g\ |] I: Laser !
generator beamsplitter
Wave plate




“Floquet maser” : EJHBIE RS
N
Nl

v, =0 Hz A spectra

&5

maser

lllllll

C. Floquet ‘ ‘

\ /
IT.n) //// v,=09Hz |y, spectra
FERRE R SaT AR Floquet | ... vy,
A5 BYFI oquet maser poe2v. L l v, F2v, |
N E N = M WS S
B o : 4 70 80 90 100 110
N [L.m) Frequency (Hz)

M. Jiang et al. Floquet maser, Science Advances 7, eabe0719 (2021)
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Floquet maser : BiR{ERFloquetil

RIFAIEEIT R

\ /
IT.n) n //
T
T 1Vv..=0.9Hz v, Spectra
Strong
\ / 7
e 7 vV, — V. v+ Flgquet
5 driving
Weak -YO B 2Vai JL LVO + 2Yac
Floquet 7.0 80 9.0 100 11.0 1
driving Frequency (Hz)
! L L ! ! 1 : Ve =0.01 Hz i
S ] spectrum [ _ "1 03mHz
% - 70 75 80 §5 90 95 100 105 go.s -
g/
a 4- g 0 ""I""I'"'I'"'I'"'I""I""I""I"'L'I—'!'-"
-4 9.02 9.04 9.06 9.08
g 4 Feedback ON + no rf driving 0 ; : - - T
. ; . ; ; . 8 85 9 95 10 105 11
Frequency (Hz)

M. Jiang et a/. Science Advances 7 , eabe0719 ( 2021)
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SCieIlCCAdvan(leS Contents ~ Careers ~ Journals ~

O Floquet maser

1.23 (@ Haowen Su'-2:3, (® Ze Wu'-23, ® Xinhua Peng'-23* and ® Dmitry Budker*>5:°

P . Min Jiang

PHYSICS SCiGIlCG
PHYS &%
g Extending maser techniques to Floquet
masing ladder s:

techniques to Floquet systems. In their paper

A maser that amplifies o e e e
emission of peri()dica]]y PIDQUEE Systems, Ren-Bac Liu, with the Chiness
modulated quantum states _

has uses in metrology physics

New Floquet maser is very good at detecting low frequency

By Ren-Bao Liut? magnetic fields

{Science) Perspectives reports:

“... demonstrate a new type of maser...
Conceivable applications of this work include
precision clocks and detection of ultralight dark
matter particles such as axions”



Spin-based amplification

fT/Hz/2 magnetic sensing

o=

il D T —p

v v
Flogquet spin Floquet spin > Floquet
system amplification g™+ spin maser
Simultaneous fT/Hz1/2 fT/Hz!/2 magnetic
magnetic sensing in sensing in the mHz
multiple frequencies frequency range
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Opportunity: Interaction, Correlation, and Entanglement

Alkali-metal , Correlated alkali- Entangled spin
spin gas noble gas gases

NMOR effect . . Nuclear spin squeezing
SERF offect Nuclear spin amplification M based :

cHec Fano resonance effect CmoTy-based SeNsIng

SQL: 1/vN SQL: 1/ZVN Heisenberg Limit: 1/N
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X — /N EE ﬁ%«-/\ﬁ}mﬁﬁx K2 A8
173 09N =45 B A A
M & 2 — /IR AL, N6 E A AR .

& -F ML (standard quantum limit): @329 F 502 7 &
5 Rk 8 MR 1 /AN
5 AR AR (Helsenberg limit): = F /50 EKHR— &5 ERH

TRIEATTHEMNEEAXET TR1I/N, TN P TR
%%%%%%ﬁo

#2355 R (Super- Helsenberg Limit): IFE&MHE=FHEMNE (&
FZ B A EER) RAEHERYS TR EAEMRELL/N

N & F 5 W= ey R4
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Coherent Squeezed
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H=D -S?+E-(S? —S)—yB-S+5-24,1,

Electric-field Magnetic Spin-coupling
stress detection field Spin-sensing

Diamond nanoscale magnetometry

Magnetic field sensitivity (per Hz'?)

Temperature

1pT nT WT 1mT Excitation laser

L \ Conventional
\sse?‘gnrs L 1\ NMR sensors
q e |® ® (from) 1844) Scanning diamond -
(2003) ¢
platform
s 1um i {
B Sigy N
] e
g Yooy o [ )
; > & R
B < S, h Force sensors Y 109 o Cancnr NV 0
§ 100 nm P, Sonson o/ MW cail K Yokl
b X8 %o > V/
2 R S0, o
3 &b ° \ (2008) / .
g $o, |08 . Y 10w,
= So NV /
e sensorg y ¢
10 nm T SO 7/ M ic moment :
/ " ) :
S 2013) Y 10 sensitivity (per Hz'?) ﬁ .
~ a
\ oo /
~g2018)  /
(2014)& /
1nm 4

10°,

\ Nat. Nanotechnol. 3, 643(2008) Nat. Phys. 9, 215 (2013) )
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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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