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Recent advances in nuclear quantum effects of water

3
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Abstract The mystery of water mainly arises from the intermolecular hydrogen-bonding interaction. It is
well known that hydrogen bonds have a strong classic component coming from electrostatics. However, its
quantum component can be exceptionally prominent due to the quantum tunneling and zero-point motion of
light hydrogen nuclei (proton), which play important roles in the structure, dynamics, and macroscopic
properties of hydrogen-bonded materials. However, accurate and quantitative description of nuclear quan-
tum effects have proven a great challenge for decades. After enormous efforts in the last few years, we have
developed a series of experimental techniques based on the scanning probe microscopy, which allow us to
access the quantum degree of freedom of protons both in real and energy space. Theoretically, we have im-
plemented highly efficient path-integral molecular dynamics calculation methods, in which both electrons
and nuclei are treated as quantum particles. Those novel techniques and methods enable us to directly visu-
alize the concerted quantum tunneling of protons within the hydrogen-bonded network and quantify the
quantum component of a single hydrogen bond at a water-solid interface for the first time. Furthermore, we
unravel a general physical picture for the nuclear quantum effects of hydrogen bonds, that is, the anhar-
monic quantum fluctuations of hydrogen nuclei weaken the weak hydrogen bonds and strengthen the strong
ones. These pioneering findings clarify the long-standing puzzles in nuclear quantum effects of water and

enable us to lead this research field in the world.

Key words scanning tunneling microscopy; path-integral molecular dynamics calculation; water molecule;

nuclear quantum effects; hydrogen bond

KEFEEETEPRIEBAR—INER SN

TEFE QAP 5L (L HES . 61474116) S5 BE BN, v [ RL 2 B 2 T A0 5% BT R o A ] 5 o S
IG5 GEAE TR PR ER AU A N . M5 MR L “Rapid Transition of the Hole
Rashba Effect from Strong Field Dependence to Saturation in Semiconductor Nanowires” (7 2 54 44 >k £
125 78 Rashba 0 M\ 58 H 17 i R PRS2 9 2046 FED S 81 F 2017 48 9 A 21 H#E Physical Review Letters
Y EREIE PR ) L AE 2R & 3,38 SCHE 1% https://doi. org/10. 1103/PhysRevLett. 119. 126401,

A Y B OTE—BUE R A ROV 2 52 IR SR R B BOR MA% G 0 R 4R ) 40 T iz 3 A
S E BE Y A I | PR R IS LA AR R S A R AR . AR L B S T DY 0 28 e AT Il
Rashba [ Ji&— 8018 A5 G %00 K 55 . ootk 2 0 A e W6 12 N e 8 A9 TR A5G

IR AT SY 51 & B B8 SCHE L il SR Rashba [ HE—#UE Fl A 2500 K 59 10 [n) AT 2R 4 — 2 &= 7
AP A% DU e JRTE B PR B E e e B2 o SR T 2 b i 25 X Rashba 3 E— 038 #5 -5 2400 % M in H
Yy by e 137 58 SR B0 AE— RN AN L5 8 TR Rashba Z00 (9 58 8 M 22 T 53 28 7+ 31— AN AR R A4 1 ALEL
B 5 Rashba 8800 (14 5 FE AN Bl H 377 19 2 S 38 T A A2 A8 . 3 — M JB Ry & J e ) BE— LI RV B - e
125 5 LA

(BAS A5 BA R Ahh &R



