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Fig. 1. Experimental schematic of interaction-based quantum sensing: (a) Diagram of the experimental setup; (b) basic procedure of

quantum sensing, including probe state preparation, encoding unknown magnetic field, and probe readout; (c) diagram of the $Rb

atomic magnetometer.
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Zero-quantum spectra (Amg=0)
measured parallel to B
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Fig. 2. Spectra of *CH,, molecules measured at various orientations of the magnetic field: (a), (b) ¥*C-Formic aci; (c), (d) *C-form-

aldehyde; (e), (f) *C-acetonitrile. The splitting patterns match well the transitions shown in the inset.
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5B, SR R0 A R UL E
2420 T - Hz /2.

3.2 BHEEEABRRESHIEE

S, R AH BAE I AZ A R RS TR
BAEH T BRIk G H %) 3R BLE 4R H 1405
THMESHWE S RATWERR, A% H e 158 AH .
VB AT ZE K A0 T ], el is - JLRD, M
PER I EAG B, A SR T 3 RIS R
TREES: R (HBCOOH), B (8CH,0) Ml Z i
(BCH3ON), XL 42K B Sigma-Aldrich. 1R
FIAZ A EAR TR 7oon &~ 10.4 s, bl FiE- H jiE
A TRIE N T ~2222 Hz, WM 1o ~ 0.8 s,
J ~163.9 Hz, ZHEM 7eon =~ 4.7 s, J ~ 136.25 Hz.

W 7 BCH,, 43 F WA A - BRAE. 557
] 5K H0E B4 (R0 =0), fe ik ik
PEEWEA=0,+£1, Amg=0. Fll0, HERSTE
222.2 Hz b % e —A> i — i 3R 1 (18] 2(a)). 55
—J7 1, MVEE S B e (R
0=mn/2), SLVFBRIE MY BEHE & W J&2 A=0,+1,
Amp = £1. XFEL T, FIRTE 222.2 Hz Abj™ A=
WS SR (K] 2(b)), HZ B B3N (v + ) B .
XCHL, il A BE R ERE LM e =~ 10.7077 MHz/T, &
EIBERHERE L A v ~ 42.5775 MHz/T. Hifi 3CH,
I3 T B IS L R LAY 43 24, Bl 2(c)—

(f) Frzs. PR BRI 40 7E 2.2 19 (4)—(7) =X
HAAEEAE, [ 2(e) FIE 2(f) BARK UN-BC-2
53, B N R DO AR S R, B —F
“H LG 00 RIS H 3R R BC R TH I E
AN J RS A EAE . Ak, 240y i R
PATHATE TR, T8 TS e kT
LA &R XA, #E 7 s BT L
A HrINAR Y BCH,, 40 F RIS kSR B 25U B
SAEZ TR GRS b O AW 6500 TR
1) TAEAE NMR 2 R Si il 17 S8 50k,

3.3 XEMBNEHZHEETR

T SR T AR AR T AR R B G
I DR, PR TR 1 (B — P A AR B A
G0 VRS AR R . Al 3(a) Fr s, 78S
R, PR v R T IRANIIER N vy (1
TIEL AR IR BRI oR, @ LN AEE A FoR:

Acp = [a™ (v_1),a5™ (v9),aS™ ()] (19)
R R 5S4 50N
A=y —v_i| = (yc+m)B. (20)

B, FTRL#E S B = A/ (ye + yu) FE AT 2 D
R RE (& BCH, 0 T2 ATE 2.2 7%
(1) (4)—(7) X R, Ak, i 2.3 1 H Ry
RUEITHA NMR G4 IR IE, 4 0 Fl g4 € 1), 3X
S 4% 5 B I8 A (0, 6) = [a™ (v-1), a5™ (o),
a$™ ()] Rk, i R /METE L | A (6, 0)—
Acp| FTEASRIS SR 0 1 . SRTTAE6 2 5 20 X R 45
PREE, 255 (0, ¢) AT RES S BOH R BTG £E. R T3
R Fuky S, FATE AR RIS H 5 F 390 2, y A
2 IT IR A BEE AT = 20 Aoy P2 HIRZAY NMR
TR ANIE 3(b) Fras. 3l H B F S = AN ek
AR () Ay FAEVE L IR Agin (0, 6) , 7T LA
WIEAEAE 0 T . B2 IRESAR 0 ~ 1.289 rad,
¢~ 0.047 rad, B~ 1.0788x 10~7 T. 8 1% &
(£12%) Hmissk s A

R T VEAG AR S vk RO DU RS B, B AR T
A B R AR AR 0 T ¢ I O 22 1 RE . (R
I W AL A {807, 805, 5a )} IR M 5 407 MR
~ N(0,02), FZRE TS50 B S oR A FHL
R & 3(c) BN TIE o =0.00 (KR T 2471
SEER IR EL 100) T 0 Fl ¢ ERE G400, 6 Al
HEMAHEE (FRfE2E) 23N 09 ~ 0.009 rad

117401-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 117401
@ 4
Initializing [| || Pneumatic FDAQ (exp) Amplitudes
spin state transfer ) FFT a2 A =
I(t) oc 32,0l cos[@, — 2ny,;t]e—t/eoh + (exp) =
: : - agexp) [ascxp)7 a(zcxp)7 agcxp)]
Sensing \_ Vo1 Y ¥ A=lr—v|
molecules
lB:Aﬂ%+W)
Spin state
\)> eVOl:,lthl’l Optimization
Atomic Detector of 8, &:
NMR vapour sensor response [Asim— Aexp| < €
; I
Formic acid signal Simulated
Asim Output: 0, &, B

(b)

| Guiding field
along x

— Data
— Simulation

Amplitude

—~
2]
~

Std. Dev.

0.009 rad (d)

210 215 220 225 230 235

Frequency/Hz "§ —0.06
< [Cuiding field — Data N
g along y —— Simulation 2 —0.03
Bt I S
z — 3
210 215 220 225 230 235 _ag 0
Frequency/Hz <
D
‘% | Guiding field — Data 5 0.03
2 along z — Simulation g
= pe)
& g 0.06
< T T . T
210 215 220 225 230 235 —0.06
Frequency/Hz

—0.03 0 0.06 0.06
Estimated deviation §6/rad

Std. Dev.
0.010 nT

Std. Dev.
0.017 rad

28.96 28.98 29.00 29.02 29.04
Magnetic field/nT

3 WM THA#Z M () Wik KRR 0L () BRGS0 (o) 41 IR 07 52w 17 A
~ N(0,02) SRS, 6 Fl ¢ 09D 5 B2 (d) #EA4T 300 YT I &k 37 588 2 1) 107 1B

Fig. 3. Magnetic field measurement with formic acid molecules: (a) The procedure of determining a magnetic field vector; (b) as one

example of reconstructing the magnetic field vector; (c) measured precision of 6, ¢ when spectral amplitude suffers from Gaussian

noise ~ N(0,02) ; (d) histograms of magnetic field strength obtained from 300 repeated measurements.

Floy ~0.017 rad, WK 3(c) H A KPR, @itk
F % B TE R IR B AL AT NMR $R00 R AR, mT L gk
— U o, DTS 30 B 5 B G 37 7 I o . 4
Tk, T E A 300 YRGBk Ak g R Y
MRS . i 3(d) B, BT B LG, $2
B B A BN E FE 2978 0.3 mHz , AH N 1
G E G R iE2E N 1071 T

4 7 W

BT 1 T B O T W =
HER A 3 50 70400, (LA fi] B IE T e
63 1A R T A FRERSE RS, AT LT3 T fit A
R ARk B AR, AR Ty 1 B
SN A S ) 53 A i 500, SR 1 27 05
S e 2 OB, 040, BB PR T e
WESHER I SO BT R TR T, R (X
71070 TR, BREEIF TR PG T LU T A

WLkiEl, HaRk#:  10710—10-° T8, jthah, At
T A B AR B 235 AREE M EORBE MRS
1/ f MRS RIS, BBl H E 10~ THEZR. X2
15 2 L AR W 7 2 B o TR AH AR A e
RGALIRAR ) S EVEREIR AN, BHAS T Hak B m -+ 0
SEACVF I IRAS . 5B HARRIR], AR SCRYIESY
FIF SR A TR BAERE N RN S %, R T
15k AL AR Y ERE R . B2 i — 2 1Ak,
VT A RN i R 1 B P AL R T Rk 2 1
HAFCRHL b AW AR S5 T 4 X
Y BOL JERE T sz

i 2R AT E AR T B, A
PETHI RS B, B, TG R AR T
Pem 2 — AR, BN, SOl TESCER [56] H R
TN PR BT I TR A F (55, PRI
FEE L 10 £ HOR, s AH BAEH H RS
A% AR A B R e B ) bty i 2 —. Hi
S TS AR AL BRI (29 107°9).
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Abstract

Quantum sensing utilizes the quantum resources of well-controlled quantum systems to measure small

signals with high sensitivity, and has great potential in both fundamental science and concrete applications.
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Interacting quantum systems have attracted increasing interest in the field of precise measurements, owing to
their potential to generate quantum-correlated states and exhibit rich many-body dynamics. These features
provide a novel avenue for exploiting quantum resources in sensing applications. Although previous studies have
shown that using such systems can improve sensitivity, they mainly focused on measuring individual physical
quantities. In experiment, the challenge of using interacting quantum systems to achieve high-precision
measurements of multiple physical parameters simultaneously has not been explored to a large extent. In this
study, we demonstrate a first realisation of interaction-based multiparameter sensing by using strongly
interacting nuclear spins under ultra-low magnetic field conditions. We find that, as the interaction strength
among nuclear spins becomes significantly larger than their Larmor frequencies, a different regime emerges
where the strongly interacting spins can be simultaneously sensitive to all components of a multidimensional
field, such as a three-dimensional magnetic field. Moreover, we observe that the strong interactions between
nuclear spins can increase their quantum coherence times to as long as several seconds, thereby improving
measurement precision. Our sensor successfully achieves precision measurement of three-dimensional vector
magnetic fields with a field sensitivity reaching the order of 10!! T and an angular resolution as high as 0.2 rad.
Importantly, this approach eliminates the need for external reference fields, thereby avoiding calibration errors
and technical noise commonly encountered in traditional magnetometry. Experimentally optimized protocol
further enhances the sensitivity of the interacting spin-based sensor by up to five orders of magnitude compared
with non-interacting or classical schemes. These results demonstrate the enormous potential of interacting spin
systems as a powerful platform for high-precision multi-parameter quantum sensing. The techniques developed
here pave the way for a new generation of quantum sensors that use intrinsic spin interactions to exceed the
traditional sensitivity limits, presenting a promising route toward ultra-sensitive, calibration-free magnetometry

in complex environments.
Keywords: nuclear magnetic resonance, quantum sensing, quantum metrology, nuclear spin interactions
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