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Nuclear Magnetic Resonance Spectroscopy:

 Nucleus with spin ( #ZEiE )

1S BB ARIER. o
R F 9:4‘152% M EEY - Magnetic field ( fi#i% )

"1:_2 ;_' EI’J QEEE*D 5 JI;/] + EIIJ - Resonance perturbation ( &ifRILE) )

A
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Otto Stern Isidor Isaac Rabi E. M. Purcell Fel;'x Bloch
1943, Physics 1944, Physics 1952 ,Physics 1952, Physics
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B BRI S50
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L IV ET VS N
R‘E R /4 ¢ ,
1REIBESR Richard R. Kurt Wiithrich  Paul C. Lauterbur Sir Peter Mansfield

Ernst 2002, 2003, Medicine 2003, Medicine
1991, Chemistry
Chemistry
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Lauterbur ({£3#23)
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1991, Ernst
2002, WiithrichZ
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* HREHBNEFRFHEES = 1 = 0 (12C, 160)

© REHNEE, BETREANTH = 1 = BH

(14N’ 2H’ IOB)

o« REEONEM = 1 = REH (H, 13C, BN, 3P)
BRI EESRETAN: m=1,(1-1),(0-2),..., -

m ABETFE; . 1H, 13C m=1/2, -1/2
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HiEAEhE S 74— MHEL -

H=v-S
y: BERLEL, ANRBRTFZEE A F B e,
R —ANRE, ERHT “BRIREE” K7
R AR/ GREE)

Isotope v/2n
H 42.58
13C 10.71
5N -4.32
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HAEESMZBIERLFR , RItZERE0REE. BlIeSEREARY:
é @
K
k 0 ¢
JO\ h I =vyh/4n

- BTRFHEARHEE , S5MI—E#ZR (B, ) , HEEIERESS
MBS TR AT

B Ea/ﬁ=$1/2hyBO
0

B[ S5MEs7FATZEVE E B R BN A [ A THIZES.
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Ea/ﬂ=$1/2h')/’30

AE=Hh-y- By

BT EERBEFAENHELN (N), AEHNEINSEEEFXET

Boltzmmany%a:
N / N[3 =e AE | kT

* 400 MHz (B, =9.5T) TH'H , BEE%/93.8 x 10-° Kcal / mol
N, /N; =1.000064

* SUVELIRTELL , NMREMEERBI R EEER TR,
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REERIEMRE M LUIRRIEEE ( 515

SHERENRBERR

o XA
BxX ) :
 BIURAOREZEGE ( KAYBy ) . NMRIB{YHIRBUERES.
- BEERA/EN% , RIKEASTHIEEET#A , BB RHE. RBE
5p. N,-N K "GRERIHIBE" #BRIELL  X=F#BSy BUIELL | B
AR BUE Sy R IELL.
y3C =6,728 rad / G 2 yWREE , THRY
y'H=26753rad /G REPEHMAKLIZE3CRIGHS

- NRZEENMRIIRAFEE, 13C (~1%) HIRBIEZELLHR64001F,
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BEE SN (BEEIRITEIR)

ENDIE AE=h-v

BEEZE AE =h-y-By/2T
o NTFHEW , EEBRIBAF (2.35-18.6 T), HEIRAISAERE100-800
MHzZ[8, X383X, EEBRERRY1/4.

- EEFELYE NMRIREN, BIIFZERZEEE]. NTHErEREEv
HFAR—INFERAM., B WEHDD (8lamor ) SEREN N o

OW=2nv => o,=yB, (IlE)

—> v=h-y -By/2m
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B, Precession

Relaxation

Free Induction
Decay - FID

Coherence

26



I HREY = 2

o ESWMN: AR E T4, #HER TR
MEeEAIE, 5lEERTZ.
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Bruker Ascend 1.2 GHz NMR
$17.8 million

B, #IAAYS
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Nnuclear mao
resonance

Micah P. Ledbetter and Dmitry Budker

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

hy5|cs Today 66, 4, 44

013)

’—\



iRz RFNES . NEHIEEED

£ ERESHE WAE EAL N
L mpwE meNSS. BREEK, BE
Z £ 10 mHz

B BERENY: RESENEEELES

:/Ij\: < 1uT

i ELRHARNS IR @ RN

JLJL o

600MIZY (14T)

34



NMR: Dominant Interactions
Zeeman Interaction &  Local Interaction (independent of B,)

Chemical Shift Q Dipole-Dipole coupling « What is Ultralow
““‘ ...“ HD Dh ZIN .DNN’ 'INv Field .
o . ’ NINTN Zeeman Interaction <
. 4 . d J-coupling Local Interaction
: G Vo = yB :
. g ). H,0h Y Iy -dy 1y o
.\ /A NN N < Liquid Spin %2
\_E level - )
‘W‘: O Quadrupolar coupling System
B,=0 """‘BO#O . eQ VoI H, is zero; H) is averaged
¢ 21021-1) out

HZeeman L yII ) B() Only HJ exists (<kHZ)

Electron cloud

e, H,13C
...... L S(/\z _’1\
HCS D—yII-O'-BO F \ Jxa = 163.9 Hz D
J-Coupling B,
/d X, { »
J ; Jxa = 141.0 Hz oJ

e
L
......
e
.

L] (Y%




From high field to zero- & ultralow field

40 tesla ZULF

7 Lol

Zeeman Interaction >> Zeeman Interaction <
Local Interaction Local Interaction
Inductive detection Optical magnetometer

Without superconducting
magnet!

Simplicity

No superconducting
magnet and frequent
cryogenic maintenance

Ultra-narrow linewidth
High absolute
magnetic field
homogeneity

Untruncated Residua
| Dipolar Couplings
Rich spin dynamics
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Need new sensor: Sensitive Magnetometers

Signal Strength (T) Sensitivity (T/~Hz)
Ear'sField——  Mjcrotesla
— 10° 10% —
Sensitivity is very poor in low field —  Nanotesla
— 107 107 —
100E T ||/8| T T T T T T T T T T TITH Human Heart =
% W —: Fluxgate
B . ° 7 Human Brain High-T_SQUID
1 O = W ESESEE — Landmine NQR Scalar Atomic
E i 3 Low-T, SQUID
C @ ~ SERF/RF Atomic (Demonstrated)
= — New Applications .
L D _ RF Atomic (Fundamental)
1 SERF Atomic (Fundamental)

Lol

01-  Atomic

Sl

01 Lol L bl I ||I“1;| L ol Lol
100 10* 10° 10° 100 10°
Frequency (Hz)

Atomic magnetometer could be small and highly sensitive!




NMR detector: atomic magnetometer

“’Rb vapor gas,

ADVANCED
QUANTUM
TECHNOLOGIES

(& A3 i LF)
Min Jiang et al. Advanced Quantum Technologies, 2000078 (2020) [Selected as Front Cover]
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Zero- & ultralow field NMR (ZULF)

Optical

Alkali atomic
% magnetometer
; ©® ‘ > ((mxm)) Inductive con
‘ O
0®
Thermal Nitrogen vacancy
@ magnetometer

Pre-polarization Encoding Detection
- Thermal: Permanent magnet 4 pagnetic field gradient QO Superconducting coil
J Parahydrogen (Imaging) O Atomic magnetometer
d Dyna_mlc_al nuclear Q J-coupling (Spectroscopy)
polarization

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

o

ulse amplitude B / uT
1
uttle 3
s O
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c
uire . .
1

200 400 600
Pulse amolitude B / uT




Zero- & ultralow field NMR (ZULF)

X _ Halbach magnet
_Magpnetic shield

X
Guiding solenoid
ump beam
5mmNMRtube ...................................................
3D Helmholtz coil
Sample ................. . .................................
""""""""""""""""""""""""""" Atomic vapor cell
Cellheater || INEREE o SOOIt
Ferrite ) Probe beam

10000

Magnetic field noise (fT/Hz"?)

i |_Sensitivity: 10 fT/Hz"2

—
- o
o o
o o
| |

10

—_
FTTTY I

E Original data

i _ Average data
i — Calibrated data
oot 4—+ [ [ [ [TTH]
1 10 100
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T
1000

Formic acid zero field NMR signal

0.02 T T T T T

222.2 Hz
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ZULF NMR spectrum

(a) Zero-field spectra oz (b) Near-zero-field spectra
1 -
0.4
0]
Vo
0.5 H_13C H 0.2+
0 ! 0 u
150 200 250 300 150 200 250 300
= =
g, o=
5 °[ (¢) g | (d)
S 1+ | S
= i =02}
o 13 /C\o/H =
< 0 ! - S/ f Y ) H < 1 //// 1
120 130 140 250 260 270 120 130 140 250 260 270
6r 3
(e) (f)
4+ 2F
H 1
13a="N
2+ 13(!_:/ c* 1F
Py | . H Ay .
110 120 130 140 150 160 110 12 130 140 160
Frequency (Hz) Frequency (Hz)

I:ISO“)'L-I-FIWGM%IEF?:TEAJE, I
FE 7 BRI TIEEIZNMREY

PHHAEYER

I
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Min Jiang et al., Fundamental Research, 1(1):68-84, 2021.
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Min Jiang et al., Science Advances 4, eaar6327 (2018); Phys. Rev. Appl. 11, 024005 (2019)
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BEER NS IBZHEI R

B RKARFSERIIT, IRHERII T ER

Advances In A P
# ENGINEERING - B/

GRADIOMETER IMPROVES “MAGNETIC RESONANCE WITHOUT MAGNETS”
- - ol B /

BEHEF
AR AIRR

LRI T
Y E T #1818 SERF
HAOTTHREE, B
BV EMIZEER
X A 514 37 18 7= BY

1L
M. Jiang et al., Phys. Rev. Appl. 11 (2019) (4e 55 #E%)
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Min Jiang et al. Advanced Quantum Technologies, 2000078 (2020)
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Interference effect in atomic magnetometry

ay

- \owor

_____ ]?xy(t) Yo Z\\MW FET l Different responses for
— the x and y channels
e N v

Bu(t)=[Bx(t),By(1)] quantum sensor

o
)

Amplitude (a.u.
)

Experimental amplitude responses

-800 -400 0 400 800

Experimental phase responses

Phase (rad)
o
L | L
L1 1 1 | 11 1 1

3
L
\9)

Magnetic field (nT)

Min Jiang et al. Advanced Quantum Technologies, 2000078 (2020)
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Interference effect in atomic magnetometry

B(t) = [B, cos(2zvt + 0,4), B, cos(2zvt +0,,), B, |
The total amplitude response:

S = (S5 + S))(1 + x cos Ag))

the interference effect

S, = S.(v, B,) = @A, (v, B,) B, 5,=0 or 5,=0 or
S,=S,(v,B,) = aA (v, B,)B, Ap ==xr/2
y = stsy/(si + S;) the interference effect vanishes

B, ~ 600 nT  The same initial phases
Ap=AD+(0,,—0
Ero = Oy0) A® ~ % and |y cos A®| ~ 0.81 5%

Min Jiang et al. Advanced Quantum Technologies, 2000078 (2020)
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Quantum control in ZULF NMR

Pre-polarizing Applying pulse Free evolution

Signal amplitude vs DC pulse amplitude

ST [CR0 o T LT Signal oc cos(6,,.) —cos(6,y)
Arbitrary rotation on 13C : St B

Arbitrary rotation on 'H : ESTiEIRS BT/

Normalized signal

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

DC pulse amplitude (V)

1.6

49



ShaFiEslfRR

Problems for zero field quantum control
O Larmor frequency becomes zero at zero field

0 DC magnetic field pulse has no selectivity

Control Optimal Control Time-optimal control
W’ 6.0
e 0.0 Q’ /
’ﬂ ’6 ; 30} |_|_|,|—L|J_LL Al o~
’ ’ 43:0 . . . E o/ i/ \ !
—28 6.0 g g K
N I I B R NEARY.
OOOB e
( .o Time(us)
. = . ' ot Simeme % Ji et al,PRA 98, 062108 (2018)
Jiang et al., Science Advances (2018)  Jiang et al, PRA 97, 062118 (2018)

m Experiment results
~== Fitting results

0 9889

0.9900 ¥0.9928
l 0.9889

Normalized signal F

Average gate fidelity: 0.9960 (2)

o |o1) b‘ < |1o>(1>

[10) |01

m (number of computational gates)

[11) |o0)

Single-spin fidelity: 99.6% Two-spin fidelity: 98.0%



Quantum Information
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" @ Materials science

® Imaging

® Quantum information
® Quantum devices

® Fundamental physics

Zero- to ultralow-field nuclear magnetic resonance and its applications,
Fundamental Research, 1(1):68-84, 2021 (47X #43) 51
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PR HR: EFHRIRE

BH— 1 E{URYE (Nitrogen)Fl
— NIV (Vacancey) B (TEIFRNVELL)) 3E
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diamond glass pinhole R
sample plate B4TLP G 50/50 BS

\ S— APD
APD
optional
elements

mw source

N

coaxial cable
for mw & rf

AOM

[

1) AFEREZ%, BATwE AN ArSRied;
2) ROk AegtmER g, BRI AT TS
3) FFHLy, BRI ENERL%L, 4ok, BIEkE SRS,
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1.00

Contrast (arb. unit)

0.98

B B bttt iR

, e e 5 1

|
532 nm IInitializationI | ' Detection |

Microwave

Counts

Bo=5G

2850 2860 2880

Frequency (MHz)

ODMR # % %

2890

Contrast C (%)

15

-15-

| Pulse sequence

| ‘Signal  Reference

o o B,~10MHz{ 104
>
©
O

0 a
2 0.5
(&}
C
o
(O]
S
o O 0.0
00 01 02 03 04 05 0 150 300 450 600

Pulse duration (us)

NV B 7% %9 Rabi 3k 3%

Time (us)

NV &9 48 F B /9]
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Sensing using NV center

Atomic-scale magnetometry

] nucleus 1s featureless:

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

& single-molecule NMR (@ zero Cld)
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Sensing using NV center

week ending

PRL 109, 137602 (2012) PHYSICAL REVIEW LETTERS 28 SEPTEMBER 2012

£

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,! E. Jelezko,? V. V. Dobrovitski,> and R. Hanson'

8 1.0‘-‘ L) L) L I L] L] L I T L} L I l_-l
(a) 5 08F 1o (@
| 2 ' . 1. l-..lllj
5 0.6
.:-C % 0.4 :_%0. _:
S 02F - ]
BO g F ook Lo Ly L) background
A — Z 0.0 . 1 a1 |E|V°||uu9n}|mne[ps]| PR S BT T T T T N TN B NN NN AN B e
A_." 2 4 6 8 10 12 14
Evolution time [ps]
é (a)
&y o . Permanent magnet
.f' NV
>
up to six individual nuclear spins
Copla’nar
waveguide
k endi
PRL 109, 137601 (2012) PHYSICAL REVIEW LETTERS 28 SEPTEMBER 2012

S

Sensing Distant Nuclear Spins with a Single Electron Spin

Shimon Kolkowitz, Quirin P. Unterreithmeier,” Steven D. Bennett, and Mikhail D. Lukin
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W ¥ % :
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- VQ—J %Q (] . "*‘t{ XY8-N Spin

Sample H Detection volume readout
, ~ (5nm)?
Sensor . L sz
I~5nm WA B 7% 89 NMR %
Mi 130 T = T T T T | ]
icrowave NV center \ 340 28 15C: (1,08 £ 001) kHz/G
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Sensing using NV center

PROTEIN IMAGING

Single-protein spin resonance
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ambient conditions
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