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" vibrational levels
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Coupled nuclear & electronic DOFs

Fluorescence

Absorption
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Franck-Condon principle (1926): Energy Gy
Clear: Quantum states of vibration contribute to the spectrum.
Unclear: how should the quantum state with nucle1 be rigorously expressed? 9
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Die Giiltigkeitsgrenze der Theorie
der idealen Kristalle und ihre Uberwindung.

Max Borx, F. R. S.; Edinburgh.

Von

Einleitung.
Die Theorie der idealen Kristalle, an der ich seit mehr als 40 Jahren
gearbeitet habe, ist trotz mancher Erfolge weder logisch noch empirisch

befriedigend. Die wichtigsten Einwande sind die folgenden:

DYNAMICAL THEORY OF
CRYSTAL LATTICES

MAX BORN
FESSOR 0F NATURAL B
UNIVERSITY OF EDINDURGH
AND
KUN HUANG

PROFESSOR OF PHYSICS
UNIVERSITY OF PEKING

and that corresponding to

BONESENEasEREgs v spzRs

M

M. Born, Nachr. Akad. Wiss. Gottingen, Math.-Phys.
Klasse IIa, Math.-phys.-chem. Abt., S. Art. Nr. 6, 1 (1951)
(The validity limit of the theory of ideal crystals and their

overcoming)
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¥ (x, X, X = ;wn(X,XO) @ (20, XO) (2.5)  Born, 1951

¥(z,X) = 2 ¢n(X)po(z, X). (VITES)  Born & Huang, 1954

* A time-dependent many-body wave function of electrons and nuclei:

Wi(F R, t) = Z 2L(R,t)0, (7. F)

Pn(7, R) n-th electronic state wave function with ionic potential defined by R

x.(R,t) | Time-dependent wave packet of nuclei on the n-th electronic state, with
contribution from different vibronic states included.
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% Physics behind: path-integral

e Quantum mechanics: probability, propagator

SPRrodinger il . 9, tiwa ) = oy )9 Gr)en R G
o Path-integral “
A ‘b b
K(b,a) = lim—j j...je(i/h)s[b'a]
e>04 tit1
dxydx, dxy-1q t, Suzuki-Trotter
A AT e decomposition
7
tp
where S[b, a] =j L(x,x,t)dt ta
ta
a

Xa Xi+1 Xi Xb 14
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% Density matrix

d2

p(xy,%o; 1/kpT) = z 0 (xn) @} (xg)eFilksT H(x) = —Tz tVX)

Kty = z 03 (o) @7 (g e~ /D En=t0)

i(ty — to)/ 1

>

o Path-integral enters

1/kgT

, e kT)2N )
P(x x'; kBT) — kaTN (exp{_kB_TEIm( g ) ( Xi+1 — 1)2 + = V(xl)]}> dxl

Density matrix of a quantum
‘
system

Density matrix of a classical

polymer of N beads (images)
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% Density function
X =X N-1
2mh [ 1 m(kBT)2 )
peiket) = |—2n [ expd- > =502+ aveo| ) T
Xo=X =0
Density function of a quantum Density function of a polymer
system of N beads (images)
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% Impact of quantum nuclear effects on H-bond strength?

O

e In 1950s, Ubbelohde effect (replace H with D) in H-bonded crystals.
e Liquids: water structure no consensus, and liquid HF 1s strengthened.

e Clusters: (HF) with n >4, strengthened, otherwise, weakened, (H,O)  always
weakened.

Question: is there a unified picture?

25
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% Quantitative

Probability

Probability

Probability

o 0.06 _
O wat. - (@ W RF cluster
Or ) (3 0.04 (1b) : ® Water cluster
) ' (1) (TQ)-(I) Charged cluster
C 71165° - : . .
: ¢ Organic dimer
I\ —_ M) ( - S
| f: 1 Oﬂ 0.02 ((g)/ai v Solid
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-~ -—f/ 1 IL'\. (HF)Z >|< OF (fg) .....................................
< -
£) . 165° — i :
i) < 002 5 (4)m
[ 160—wd ' “ bend | -
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H-bond angle (°)

X.Z Li etal. Proc. Natl. Acad. Sci. USA 108, 6369 (2011) 27
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% Isotope Substitution % New Experiment (Inelastic electron

tunneling spectroscopy, IETS):

o
Ubbelohd
- Negligible

Ubbelohde

= ==  Deuterium
- Hydrogen

A (X-X) (A)

\%

06 07 08 0. wesse

o Flexible monomer with anharmonic potential  fine Guo, Jingtao Lii, Yexin Feng, Ji Chen, ..., Xin-

must be used if one want to use force-field Zheng Li*, Enge Wang*, Ying Jiang*, Science 352, 321

method in PIMD simulations (2016) i
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% DNA base pair

F
e y-- ]
C - ) G

Figure 1. Structures of the Watson—Crick AT and CG base pairs.
Black: carbon; red: oxygen; blue: nitrogen; white: hydrogen.
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Wei Fang, Ji Chen, Mariana Rbssi, Yexin Feng., Xin-Zheng Li*., and
Angelos Michaelides*, J. Phys. Chem. Lett. 7, 2125 (2016)

29



=Ry MBI T, BRIHARL
% The quantum nature of high pressure hydrogen

Periodic Table o

A IVA VA VIA VIA

5 B 7 8 9 10

of the Elements 8| c|n[olF[he

13 14 15 18 17 18

Si| P| S| Cl|Ar

32 3 34 35 36

Ge | As| Se | Br | Kr

50 51 52 53 54

Sn|Sb|Te| | | Xe

82 83 84 85 86

Pb| Bi | Po| At | Rn

Molecular solid |-

Vi

e IVB VB VIB VIB IB 1B

Alkali metal R
atomic solid

58 59 |50 81 62 63 64 85 66 67 68 69 70 71

" s2ee"® 'ce | Pr | Nd |Pm |Sm | Eu|Gd | Tb | Dy | Ho | Er | Tm | ¥b | Lu
98
cf

Series

99 100 101 102 103

Es |Fm | Md | No | Lr

+§gtriigisde Th|Pa| U |Np |Pu|Am |Cm | Bk

1). Wigner & Huntington, JCP(1935): Under high pressure (25 GPa), will H, become bcc solid?
2). Ashcroft , JPCM (2000): There will be a low-T liquid phase whose origin is due to ONE:s.



Temperature (K)
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% The quantum nature of high pressure hydrogen
A. Alavi, M. Parrinello, and D. Frenkel, Science

2500

2000

1500

1000

500

== Hugoniot

| | | |
© Shock Wave Datum

Semiconducti
Tlaud Hydrogen

at High Pressure
and Temperature

Critical Point

Primary
Plasma Phase

of H, Transition
Liquid H. / Metallic
o liquid H
Melting Line
| :
", Toice Solid
Metallic H

Solid H,

BSP (1)
P (%/ Agh = N L
0 100 200 300 400”

Pressure (GPa)

269, 1252 (1995)

1 S. A. Boney, E. Schwegler, T. Ogitu, G. Galli,

Nature 431, 669 (2004)

Isaac Silvera, PNAS 107, 12743 (2010)
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% The quantum nature of high pressure hydrogen
. How do we tackle this problem:

1) Electronic structure

2) Configuration space explored

3) Nuclear Quantum Effects (NQEs)

4) Hysteresis effect

32
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% The quantum nature of high pressure hydrogen
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% The quantum nature of high pressure hydrogen

200—mM@m———m—————7—— 17— —7——— a)

z 7 NN =

‘l_ 300+ mialatalels . '_'E\\MD 1 W = 101 'LH\ ! ':.:}

N S Z 0 <

1500 | ] v oo 4 T 5

\ \%200‘ 7 201
l \ B~ | }._M | B -301 .
MOlecu]a{ TYely r X P N T M 00
Q lquId 1 0’0 B AT~ ¥ PIMD - ) DOS (VA
— 1000 ' A - C )0 | .
- I N A4 NN o s ]
600 800N, 1000 1200 | oo iy _ : : 10.003 5
Pressure (GPa) ~ ] & 2 4 0 [P
515(}{]_ [L, Y . ) —10.002 =
Molecular SRR -4 E = " w1 8
500 . - Atomic liquid Superconductln g 1000 N 0.5 ) __(;_()m %
5004
I [1 %1000 2000 3000’
I1 1 X N I M ® (em ™
eI . | . s Bl T I : l
UO 200 400 600 800 1000 1200
Pressure (GPa) J. M. McMahon and D. M. Ceperley, Phys. Rev. B.

Ji Chen, Xin-Zheng Li*, Qianfan Zhang, Matthew L. J. Probert, Chris J. 84, 144515 (2011)
Pickard, Richard J. Needs, Angelos Michaclides, and Enge Wang*, Nat. P. Cudazzo, et al., Phys. Rev. Lett. 100, 257001
Commun. 4, 2064 (2013) (2008) 34
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% Tunneling of hydrogen & water molecules

classical physics:
climbing the hill

quantum physics:
“tunnelling”

& 1B B

Path-Integral based method like Instanton: Allows the

> H 3 . ] 4 ‘
Low 7 determination of the chemical reaction rate using the Euclidean

action of the polymer, instead of the classical free-energy.

In k

(27:7?)_% M 7 Z#(B)eSX@l/n

kinstzr(ﬁ) d’L'2

Quantum tunneling can be addressed in an ab
Initio mannet. 35

Deep tunneling




F =y MR F, BRIHAR

% Tunneling of hydrogen & water molecules

e Experimental Technique: Field Emission Microscopy (FEM), Laser Optical Diffraction
(LOD), Scanning Tunneling Microscopy (STM), and Helium Spin Echo (HeSE).

o Different transition curves has been reported, but why are they different is unclear.
A

o For example, on Ru(0001), a gradual transition from
Arrhenius behavior to a T-independent regime has been

reported. However, on Ni(100) and Cu(100), diffusion

In k

Arrhenius

rates suddenly become T independent below a certain T,

indicating a sharp classical-to-quantum transition. :
g Ip q High T 1/T Low T

36
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% Tunneling of hydrogen & water molecules

a T T T T T

( )0_16 | -©- Cu(100) H-B-H ~+-Cu(111) FCC-HCP
-©= Ni(100) H-B-H ~»-Ni(111) FCC-HCP
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§ —

(]
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2o.08}

©

€

g

50.04¢

0.00

-0.5 0.0 0.5
Reaction coordinate (A)

Wei Fang, Jeremy O. Richardson®, Ji Chen, Xin-Zheng Li*
Angelos Michaelides®, Phys. Rev. Lett. 119, 126001 (2017)
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% Tunneling of hydrogen & water molecules

RESEARCH | REPORTS sciencemag.org [SCIENCE Table 1. Calculated cNEB Barrier, ZPE Corrections (AE,p;)
and Corrected Barrier (Barrier) for Proton Transfer Across
MEMBRANES 1 JANUARY 2016 « VOL 351 ISSUE 6268 Pristine and Hydrogenated Graphene and h-BN Sheets”
o o o cNEB Barrier AE, .. barrier
Sieving hydrogen isotopes through . el o 1o

two-dimensional crystals G 108 ~007 106
Grouert 0.88 —0.12 0.76

M. Lozada—Hid:;lgo,l*T S. I’!ll,h[ 0. l\fIars.hall,l1 A Mish(fhelnko,1 A. N. Grigorenko,' G iiordered H 0.79 —0.18 0.61
R. A. W. Dryfe,” B. Radha, 1. V. Grigorieva, A. K. Geim *

One-atom-thick crystals are impermeable to atoms and molecules, but hydrogen ions
(thermal protons) penetrate through them. We show that monolayers of graphene and

boron nitride can be used to separate hydrogen ion isotopes. Using electrical Proton

measurements and mass spectrometry, we found that deuterons permeate through these Q — drpal O -
crystals much slower than protons, resulting in a separation factor of =10 at room g P
temperature. The isotope effect is attributed to a difference of =60 milli-electron volts e--.}f

between zero-point energies of incident protons and deuterons, which translates into the
equivalent difference in the activation barriers posed by two-dimensional crystals. In
addition to providing insight into the proton transport mechanism, the demonstrated
approach offers a competitive and scalable way for hydrogen isotope enrichment.

r "

»  Low barrier

L]

Yexin Feng, Ji Chen, Wei Fang, Enge Wang, Angelos Michaelides*, and High barrier
Xin-Zheng Li*, J. Phys. Chem. Lett. 8, 6009 (2017) ’

-
L
0
' L]
L L)
L) L]
L]

Y
'i

H-passivation of 38
chemisarption site
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% Tunneling of hydrogen & water molecules

50 40 30 25K

O Shallow tunneling

"= - Monomer (expt.)

e —— Monomer (DFT) N
E — — Dimer trans. (DFT) > | Wei Fang, Ji Chen, Philipp Pedevilla, Xin-Zheng Li1*, Jeremy
5 L. —@— Dimer waltz (DFT) "
& : : : : O. Richardson*, and Angelos Michaelides*, Nat. Commun.
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=3y BEHF, BREHRE

% Tunneling splitting of water clusters
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Part I1I: Quantum Nature of Hydrogen Bond
% New Experiment (Inelastic tunneling spectroscopy, IETS):
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Part I1I: Quantum Nature of Hydrogen Bond
% New Experiment (Inelastic tunneling spectroscopy, IETS):
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Part III: Quantum Nature of Hydrogen Bond

% New Experiment (Inelastic tunneling spectroscopy, IETS):
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Part II: Low-T metallic liquid hydrogen
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Part I11: NQEs on the melting of lithium
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Part I11: NQEs on the melting of lithium
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Part I11: NQEs on the melting of lithium
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- Part III: NQEs on the melting of lithium
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Part I11: NQEs on the melting of lithium
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Part I11: NQEs on the melting of lithium

Qo(P) is easy to evaluate. Applying the steepest-descent

Qp) e~ P(Eo—A/2) 4 ,—B(E0+4/2) approximation, it corresponds to the situation of a collapsed
&E}H 20 (5) A R 20—BEo ring-polymer in the bottom of one of the wells. This results in
0 a simple harmonic vibrational partition function. With fy =

_ cosh (,8&) B/N, N being the number of beads, one has
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