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Fig. 1. Schematic of the experimental setup. From top to
bottom are semiconductor cooler, copper plate, waveguide,
sample water, diamond film with NV center and glass sheet.
The inset shows the structure of the NV center and the dy-

namic decoupling pulse sequence.

NV a0 K A P 0% 1 3R 540 7
(T B

N N
Ho=Hxw+S- Y Ap-In+mB- Y In

m=1 m=1

m

N —1
+ Y Ly Ty - I, (1)
m=1 n=1

H, 85—10 Hyy = DS? + 1. B - SJ& NV LT
@i, D =2.87 GHz A4 NV BT HEHF 78
PUH, SBEIAEIR AR L 1Y) v = 2.803 MHz/G
(1G=10*T) &NV BT AR L. 5 2
NV M H iR A5, A, b NV T HE S
5 ¥ e L, WS AR A ok . 5 I A% A
THE P I T A, 43 31 Ay A TRURIAZ 1 T ) 1) A A
FHI, yn = 4.25 kHz/G NS WTERE L, Tmn b
% A TE Lo, RV I, 2 [60) ) R AR AR A B I B

R TR K A R R (S S, R T
HME SN ) 2 FA R OIS ik, LBl 124 A
750 k0, S A0 E L A R BT R 1 e R
532 nm HOEH NV ORI G E] T3] me = 0)
|, &t — AR n/2 kb 25, NV H eSS
AE R F N (Ims = 0) + |ms = —1))/V2. # Tk,
— R PE Y 2N A0 m ik it i E] NV (e
T HE L, NV T H e e %t (1) e
AL IR R E BMIL, it S —A w2 Bkiba]
DI NV B @ BERZS. 24 ik 14145 18] e — 25

067601-2


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 Z 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 067601

T 1/(2w) B, NV B BAH T 258 24 A e I,
HLFAE T80, XL M5 iR, Sl f =
1/(27) W A0 DA Sal B A Adal,, st vl LAAR 204%
Jiéf NMR .

38 3= UL 5 7 Y NMR. 35 28 J 5 /5 7] DA X 43
IRAL T E S SRR KA 4 NI R m A TS
B, Ko F-Hiz 8, FHorboK o3 1] ) 5% S A5 4%
eI A AR AR AR ELAE Y- 34481, (BJEKorF 1P
Y S R EUZ A BE IR X5, EfE S A
559, LI, PR EIE AR TE P R wair =
6 Dyarer [3/(4d)]?, F Ul , HRI R 03 ey, (AL
waitra JEE LR, DL H BRI LEK R, 2 NV IR
JER 6 nm B, FRM X REPEIRE] T 2.2x10722 L
(B2 7000 P7KATF), (HIELZR R Y8 wait = 187 MHz,
IXAEA SO SE I 45 T ARARMENI Y. ANad i T4
WA A9 2R THT SR KO, SRR 8 H R B, fif
P52 T B I B 7K Z e oW 21, anlEl 2(a) Fros. 4
T EEREAR, ARG A ARG, KR &
X IE SN, B ERIE S, Z R H T
WS B TLH 55 A% FLERG A EAE O 3 5,
W i F ] 5 Ry

(a) Liquid water (b) Solid ice
e
n ¢ e e
@
/ & : J ® L
| \ o o l's

Diffusion /\
/ J \

1 1 1 1
Aw= — + — + wdifnu Aw= — + — +
T2 TNV T2 TNV

B2 RNV @K > T 1R B %07 545 2
SRR IS R TEZ B T A BERY SR A) T NV (.
PRI ARE T I 8] Ty BA B3 79 TR RS AR ELAE T (a) T
R A KR B, YRS S B4 T B TR X A,
AR, RSN TE; (b) DN [ A KR ZIEL PRUE I K,
1% 1 I 1740 A AR EL AR 2 5 | R i 2k ) Jo 9

Fig. 2. Schematic of measuring water molecules by NV cen-
ter. The hydrogen NMR spectra line broadening obtained is
limited by the relaxation time T3 of nuclear spins, the co-
herence time Tyy of NV center and the diffusion or mag-
netic dipole interactions: (a) Schematic of measurements of
liquid water, where diffusion causes the signal molecule to
leave detection region, weakening the signal amplitude and
broadening the spectral line width; (b) schematic of meas-
urements of solid water, where dipole interactions between

the nuclear spins cause the broadening of the spectra.

H=> 6(1-3cos®0;) (BI;I; — I, - I,)/2,
Hrpo = 30.5 kHz. i1 Tk AA7E 2R 7 1) 1 T
TR, X5 Y B INAE S 2 g R T 21 v
wWaipole , THHFZ ML/ NFP 1L, W&l 2(b) Fras. HAb
¥ A T B st ER I 18] T 1 NV @0 B AH T I ] Ty
CRADCHRE I st i 2 NV [ A e i s i g
0] Ty ) W2 MG 4 5, (HIZ5% I B /N T
O3 B RS A A .

3 LIER

K FH R A B0 g 2 SRRk v e 4] 1290 45 31 i+
H HER NMR J3 40 15 3(a) . 28 gEs N
42.2 mT, %N iy S A2 AL IR 0E A B R 1.8 MHz. 7F
AR R DU T KA B NMR %, 4
BE BRIREE R 111 °C B, KT TS, i
Ty NMR HAR3EL 580 53(9) kHz; 11 i B2 FEAR
F-8.8 °C B, Kor+HEAS B E 0K, HalZ e o H
i 33(5) kHz. WA A(5E5 0 L BASIE 9 A
HORIE ST, 51655 NMR 8945 548 iz (3CHk [16)
HIANFERS LG T IR A-20 °C B /K1) NMR, 3%
K, k555350 0.021 F1 27 kHz). 445 NMR HiA
PRI ) ok RIE I B T AL 5 %, IR 8O
WSS A 55 LT NV @040k NMR H AR
PRI (1) J2 oK RO B R T3V 55, 37 s 3L
NMR {55 ¢ BB . x+F E &K, 44 NMR
NV @0 NMR (55 BB E ke T
IK A3 i &R Z R RE AR B, {5 S5 vE
#RAE 30 kHz A2 Ay, R AT 38 5 i 2 A% NMR &
PRI TE (AN [ X 237K oAb Tl A 2 [

NV (70 (1 [ e S b R ik 8] Tk B3 KT 1)
FCAHT B[R] T3y, 1 FH SCHR G 5 vk 2420 ] Do
HH S 1 X 537K 43 U A T IR S S [ S A,
W 3(b) Fis. %72 W B sl 1124 2587 51 3
Feds — B ERREA] ¢ ALk, SR — B 2P A A
ANV @51 A e [ 1B, #2356 4% A ieTemt
6] ¢ N A BEAL, BeJa o — 2T AR AZ A ek
BT RBEE S kAR Al Rl g ¢ B ATie s
T R AL, XFE R NV @, KafEEg
SRR S AR M AR 22, Sy T /D SCER R ], AR
SCRFHRRAE T 16T HAI T 3¢ S 1 i) ) G i
(55, 85— IE 5248 B — v 8 s ith £ % S 36 K4

067601-3


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 Z 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 067601

(a)
MW

(b)

-0 - [0-0]

(0 B}

] I

Contrast

1.8 1.9

Frequency/MHz

1.7

B3 E-REREE T K> T i NMR RSB E(5 5

Contrast

0.45

0.40 | 1
0.45
0.40
0.35
10 20 30 40 50
Time/ps

(a) b WD) )2 LRIk b R 30, B ADAE A 1.27 MHz (11.1 °C) H#

BB F KT R T 40K NMR 3%, 294 53(9) kHz; F: AD{E X 3.18 MHz (-8.8 °C) MIEZSHEL F K FH B THI449Kk NMR
it 255 33(5) kHz; (b) b: XHEGNK T 5]; b AD{E M 1.27 MHz (R ZS HRE T K 4> T P 57 B9 i sl DG 16 1% 15 5, HL el i
]2 12(3) ps; N: ADAEN 3.18 MHz B9 A IREE T /K 40 F o BT B9 i S OQBR R A7 5, JLS 0t 1] Oy 46(11) ps

Fig. 3. NMR spectra and correlation spectroscopy signals of water molecules in a solid and liquid environment. (a) Top: periodic dy-
namic decoupling pulse sequence; middle: nano-NMR spectrum of protons in water molecules with a linewidth of 53(9) kHz in a li-
quid environment at AD value of 1.27 MHz (11.1 “C); bottom: nano-NMR spectrum of protons in water molecules with a linewidth
of 33(5) kHz in a solid environment at AD value of 3.18 MHz (8.8 °C); (b) top: correlation spectroscopy pulse sequence; middle:
time-domain correlation spectroscopy signal of protons in water molecules with a decay time of 12(3) us in a liquid environment at

AD value of 1.27 MHz; time-domain correlation spectroscopy signal of protons in water molecules with a decay time of 46(11) ps in

a liquid environment at AD value of 3.18 MHz.
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Fig. 4. (a) Zeeman splitting of the ground state energy level of the NV center. (b) Using ODMR spectroscopy technique, we can ob-
tain the frequencies between electron spin states ms = 0,—1 and ms = 0,+1, then the zero splitting D is measured. From top to
bottom are the sequence of ODMR spectroscopy, and two spectra at room temperature (19 °C) and low temperature (11.1 °C), re-
spectively. (¢) The variation of zero-field splitting variation AD as a function of temperature, with dD/dT = —87(12) kHz/K .
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Fig. 5. Phase transition of water on diamond surfaces using

correlation spectroscopy method.
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Abstract

Water is one of the most important substances in the world. It is a crucial issue to study the dynamics of
water molecules at interfaces or in the confined systems. In recent years, the emerging magnetic resonance
technique based on nitrogen-vacancy (NV) center has allowed us to observe the nanoscale nuclear magnetic
signal and temperature simultaneously. Here we succeed in measuring the nuclear magnetic resonance (NMR)
signals of nanoscale solid and liquid water on diamond surface by NV center, and observing the solid-liquid
phase transition of these nano-water by temperature control. This work demonstrates that the nano-NMR,
technique based on NV centers can probe the dynamics behavior of nanoscale materials effectively, providing a

new way for studying the nanoscale confined systems.

Keywords: nitrogen-vacancy center, quantum sensing, nanoscale nuclear magnetic resonance, solid-liquid

phase transitions of water
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