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Computer Simulation of nuclear quantum effects of hydrogen

Ji Chen

Supervisor: Prof. Enge Wang and Prof. Xin-zheng Li

Abstract

This thesis presents the study of the phase diagram of hydrogen, water on salt
surface and water chain in carbon nanotube using full quantum simulation techniques
based on ab initio density functional theory calculations and path integral molecular
dynamics simulations to explore the nuclear quantum effects of hydrogen in real
materials.

First, nuclear quantum effects in hydrogen solids and liquids were studied. Using
ab initio path integral molecular dynamics combined with two-phase simulations, the
melting temperature of metallic hydrogen from 500GPa to 1200GPa was calculated.
The melting temperature decreases as the pressure increases from 500GPa to 800GPa.
Above 900GPa, it remains in liquid state at the lowest temperature we studied. The
existence of low temperature liquid resulted from the nuclear quantum effect, which
supports the theoretical prediction of low temperature quantum liquid by Ashcroft et
al. The superconductivity critical temperature calculated suggests a phase transition
between low temperature metallic liquid and superdoncting phase. Phase IV of
hydrogen is a mixed molecular phase at room temperature and above 200GPa.
Nuclear quantum effects decrease the dissociation barrier of weak molecules in phase
IV and promote the metallic transition of hydrogen under compression. The transition
of phase IV into metallic weak molecular phase at about 300GPa was observed
directly in ab inito path integral molecular dynamics simulations. Solid-liquid and
liquid-liquid phase boundaries from 200 to 450GPa were also studied. With all these
efforts, the understanding of hydrogen phase diagram was extended.

To explore the hydrogen nuclear effects in hydrogen bonded networks, the water
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on NaCl surface was studied together with the scaning tunneling microscopy (STM)
collaborators. Using the STM tip to shift and broaden the water electronic orbitals,
high resolution images single water molecule on Au supported NaCl films was
achieved. Flat tetramer clusters are stable on NaCl films. Tetramers can be bridged by
water molecules to form a new type of 2D ice with unique hydrogen bonded networks.
Vibrational modes were also calculated and measured by inelastic tunneling
spectroscopy (IETS) to further recognize the water molecules especially for those
with isotope substitutions. Deuterium substitution tends to introduce symmetry
breaking in adsorption due to the nuclear quantum effects on different isotopes. For
the tetramer, the chirality can be switched if the four protons on the hydrogen bond
loop transfer together via phonon assisted concerted proton tunneling. This kind of
concerted tunneling can be promoted with a chlorine ion decorated STM tip.

Nuclear quantum effects on the proton transfer process in liquid water and
confined water chain in carbon nanotube were also studied using ab initio path
integral molecular dynamics. Due to the lack of solvent reorganization in confined
water chain and quantumly barrierless hopping, proton transfers much faster in
confined water. Besides, the proton distribution is also fully quantum like and the
proton defect state shifts continuesly and fastly between classical defect states.

By studying the nuclear quantum effects, deeper and broader understanding of the
thermodynamics and dynamics of hydrogen atom in different kind of materials were
intruduced. These results explain some of the experimentally observed or theoretically
predicted anormalous physical phenomenon in these materials. Some unique
properties and processes of hydrogen and hydrogen bond networks due to its quantum

nature were also predicted in this thesis.

Keywords: Nuclear quantum effect, first principles calculation, path integral

molecular dynamics, hydrogen phase diagram, water salt interface
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H AR TR TR TR . ZRIE T E TR LS, AMTERIK S
B R A B AR RN B oA 5 S T I — 2L, ek et ik ok # 1
Bt 7K R ) S KOS A A AT T 57K R

KR 2 2R I M 5 AU O, B 1 RN B 4 se i AU We 2 B¢
I B UK T B 1 ) R U AR B TSR ES AR O (I 1-2) 0 X TR A
b, S BT RN T35 R T (Ll O-O) ) R A% f) B A, BRIV i A
T T4 95 S, % B AN B E ) 2 A 15 B - (PR B G, RS
S, A RSt F R ER AR A, S HF FKH) HF s in i
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Bl N i e S A7 1.2 FJR TR TR0

5 R F 510 Ubbelohde X0, T8 St SR AU 45 HCI 53 ik
% £ B 1) Ubbelohde AW, ZUHEAE SR AS (3 3y 0K /K25 th g g
[t %, Ubbelohde 0 SiAR Y L /1 o

Strong H-bond <€ Weak H-bond
A 0.06
0.04 - 2y (la) (1) (1b
- u o ¥ *
< 002 o2 (D G
— | [ B .
— i3b)
>|< ':}  ~~"~"""""TTTTett .q'.' """"""""""""""""""""""""
e | (2)
= (4 B HF cluster
< 002 F ] ® Water cluster
L (5)(2) Charged cluster
vyav # Organic dimer
004 = 3y (2)
) * ¥ Solid
_D [:'6 I 1 I 1 I I 1 I
0.6 0.7 0.8 0.9 1
B C
:; T L —_ I hjr:nali'-e '
w 03 s _Negligihluuhhlnhde >
= . 1 Esiiey’s - Sh il
T 04 . = e
! I S
H 0 1 | 1 | 1 | 1 | b L‘|i‘.‘|'|{|t.’ |
06 07 08 09 1 06 07 08 09

H-bond strength index

Kl 1-2 (A)E TN RS B TR 2 AR (X-X) B IE: AX-X)>0 Bl H &T
b JE X-X BB L 248 LB B, AX-X)>0 RIZB RS H &7 285 X-X BE B b & SUE 2/ . (B) &

SR RE R S AR AR B XS R R . (C)H A1 D HIR-T RN L. i E SCHik[11].

Xof T TR 7K B B FR AR 2R 5 5 1 AR A L 5 g A 5 A 1 i ot AR 5 SR B
FAVST, A AT R I A AR B T RUK R AR R, HERBIEE T ET
RN 2 J 5 TSR s 9 A S Y e R B8 22 il K KT R T o R ) ) 4 R T - 3
3 S SR EHRT S ) ) 22 S AR AT B /DN o A 15 0L A2 o R il (R PR A U - 58 4
T, SUREAER I ER AR, SHAEE H BT RN S AR
KAt SRR BE AT (XS EE L 1-3 s .

A I 7T 3 W T RN BUZ D0 At Ho0 IS5 FIZEET Ru (0001) A e B )

9



w4k Bl N L T W S S VAT

SRS L2 5 MK T 30 meV 1 100 meV. JLHTA H AR (NEB) 751545 2
HIMATTH 22 B 7 i 35 4205 0.62 eV H5'EAT10.53 eV I35 2240 L, &3 &
TG H0 JZ M0l 55 22 AR T /K BB I35 42, 10 D20 J= IR 70 i 55 22 759K v
FoK B A 2200, SR B E TR HoO 75 it B 2 BT 45 8 S5 40 s 11 DO N4>
Selikt, AN . HO Al D0 JRAFE K755 22 B IR GF R 1 AR S ae + —
B3I HaO 2 R AR BAT D20 R INIRA, R W] 1 2R i /K IR B 454 v
TN E A

1.5

1
- NIl

1-3 @R HaOx W i T4t AF @& b O-H [l A O-O [AlFH ) 73 A1
JUF . 2 AR T BB KSR R T B . T BUZREARIR D 7073 1A 2 5
I S22 6] 0T o 4 B SCHR[10]
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Bl N i e S A7 1.3 AW EEDTENA

1.3 AR LEEHANE

SR TR B E T RN AR B S R A TR AU, BOREE BT C
22T YR T 2R LA AU AL AR S [ i A PR B RO o TR A B 1) S 2 7K
o LA S R, R T E T RN SRS PR NEh 5
FESEHC BTN o SO0 b B H e PRI S 1A% (0 1 O A LR ASE e 1Y), S o A
RRAERAR DN, B AOOIAR A Pk, RN FLAEAG 2 R p KA LE - o 755 SR D,
TRMER DL TR B 71 B T SA N R AT SR T 3R . £ B IR T
S PR 25 8 DA% ) B RN RO T TR T AR N R T RN e A R T B L

ASCIE L2 P T SRR BT FU A T A R — AR . 25 5
R G AR S TAEAH R B T TR 4 B8 = e A 8 T
M, SEEAREL. RRE TS W00 R B AR . 500 E i
KT TAERABAR IR ghdh U0 BEDUREE T2 E T8z, $h
TR E N PR AR EE BB TR BT 7% . SN SR I TAF R4S
B AR A TAER Fe 2
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FFE FROPY EERTETE

A A BT E BRI T R s PR A T A T ARt
T ENTIERA B > T 1A RSSO E R SE . RER
X R K BIX e T S AR AR BT e ) T SR T A o B T B
R A TOR A JA A R B A4

21 FHRETHEFEEZ RER

211 BERZ RER A

HAE T it A, AATRT DAd s &7 g 2 R i SR AT 5T 55 22 i o X Ao
55—k JR BRI S (first principles calculation), — ST M E T /1R A 3 R 11
SR T2 R A R T o Bk SCRA SR — PR SR B U A I th A A O Mk v B
(ab initio calculation), ZfEAEHAKRZSH, KW TFE. Jt#. ii1d ¥
Joi B A D SR B DR R T AT R HAt A R I o BEERAS A R
e AR R, SR T = AR CL B AR R, 8 1 7 R R A RS IR AR Y
R B R B B T EL U SRR D IR R AU T S R R
U4 S P SR A 28— 1tk SR R U H 55 vk B Ok B 22 o g I FH 3 [T A 3R Koy
TR 2 BRI FE o o 2 2 R AR 2 B — 1R SR B T SR vk b B s 2 1Y
Z

S B BBk SR A A FR e S A% RN 0 AT A R A ] TR R AR A, R R R
BN TETZ, BTHEs) B2 R RS E PR 2, Bt URT DU I 26 34
UTALLSK 53 B8 HEL T 138 B AN R (I8 8l o 48 FAGT AL SI2 FH 19 38 — PR BR B T+ 5 vk
HER S — AL, B AT DA 1) RBUEE AL 9 E Ry 58 B ST B SRAR R 5 BR B
SR SEPRHIBER SR RS HAZ R T, KA THZ R TEEER T
PR IE 2 W PRIAE ) o i DA SR — W R B H R0 2 — A0 1) A A2 418 22 F U BRI
(P 5 T 77 R 2 AN o v - R B I . Hor, Hartree-Fockaln bl 2 fi 87 5 4
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DL —Fh 772, 8 SlaterdT 21 2RI 2R BT 1 BRAAC R eR AU & RS HEL TR
BT, EDAE A, EORS A T R SR A I 10004 BT 1 2 LT BR KR L2
SEXT T BN B & A T B8 5 i) AT 25180

L2 BR PR AR IR R o M sl e R FH P T S (A ) B R 3 A R AR B ek AR
IR A A B B L ) R A R A bR ) = 4R A, XA
BRI X P B R 7E19274E HIL. Thomas 1 E. Fermi # B8, (A2
IR 7V DR DR i 2 50 I B B v B BE T KRS A AL B A A3 22 AR B
B BN TR, WL KohnE AKX AME S & s af m < i H 577
U435 V2 B RS LA 2 B T B . Ak, MPREEAEAR P34, W, Kohn
W Dynt 2 Lz ok PR R e 5 K e B A A B 77 H)J. Poplesr = 11998
SRR DURAL 2R

W BT R R S O & E 2 K. P. Hohenberg MIW. Kohnft
19644 #1135 4 [fIHohenberg-Kohn g B3], 3 —. A0 B iR 4 ek 71k &
(LA Re B ANALS OB R B ME— e s BB . R TR TR R I RE R BRAE
WL EANAR R 254 TR IR B0 72 T B /ME, 5T AR R 0 TE B —,
MR R ME— OE T RGN R A BE R L, RGN I 1
REBR A ME— U8 1 LT3 o P LA AT DA SR G0 1R ek i B e XA S e R B2
PR o E BE R TR T ) LT B BT A R g AR R I A FL T

B
&

#R#EHohenberg-Kohn& B, 4 & (1 e & 7] LS O HL 14 L X2 bR

Lo =TLo(F)] + APV, (F)p(F) + [] drar pﬂ)_pr( Vig o1 D

HASE— TR BN RETI, 58 TR JE AN ARIME R, 35 =I5 o738 ekl HAE
T, DU TR A e AL TR

N T XA 2 A ) A R A L, WL KohnFTL. J. Sham$2 44 JeAH HLAE
FH ¥ 22 K011 R 1 B RETURAR B J5 R 1) 20 R 100

B N
TO[p(r)]—gjdrwi (VWi (D) (2.2)
AU 22 DA A BRI e o 1 P 55 T NS JEAH 40 P ol 7
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R TT.
PO = 2w O (F) (2.3)
R E #,

ELp()]
d =0 (2.4)
Jore ™ 5w

1 2 BE 30T rh 0B E p(F) B AR 3 e Ak D9 4 B8 By (F) AR 70, 7T DLAS 2

Kohn-Sham 5 12 .

n° oo p(r)  Elp®l v
-5V +vm+1drr_r+— om Vi =an® (2.5)

KA AR I B TR, M BRI S R I (R 3 AR AN o

2.1.2 THRERRE

M BEREAL S T Kohn-Sham s B2 e AR S0T51, AR BE O RS A M 44 1 20
BLREIE AR, 54 Kohn-Sham 7 P il LIRS Bl R A, ARTTTIX 2 B RTVEH 70
SEIUA, AR BRI A IS RO 4 92 F A e S LR A 3 . o J5 T 2
1 2009 — A 5 Kohn AT Sham 72 & Hi K ohn-Sham /5 75 R (i 4 Hh 140 o 45 2 31240
(LDA) (4881 g o Ac AR 2 1) HE VL 8 1 20 e B A R 5240 0 23 FE AT,
LT ph R 35 FE 38 51 TS B BER R
Ex*[p] = [drp(P)e (7] (2.6)

LDAT LK AL AE 5 KRS FOE L, S5 AT A3 BRI ABL A 2% i o
B SR AT BN ST R AR B B 1 45 1, (B 5 SR A R IR Ay o A1
FOT M2 2 M, LDARIE AU T 532 10 o LA Bl 4 Hh AR A 45 . s
T AU 2 5 R0 B BV R 3 I ) e
1 Joa o8 P T DA P B 2 T D — 25 % g 5 5 FEE B P 2 S B

FOREIR L WA TT 75 80 TR A 0 20 e JC I R A 3 o B DB T SO P 3 )
(GGA) B

Ex[p] = [ dPs, (o(F).|Vo(T)) (2.7)
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AL 2 REA ), B EELDARESS Y SIS A I L7 4544 . % W GGAZ
B T30 Beckel™ . pwo1E%0 pelt | BLypllas,

LDANIGGAIT LA R %5 B2 iz o 30 1) H /i 9 1N i) 2 KB, (B FEE T
B EORIE R, BT LB Rk, 7 AEEGGA
[ HERtl 2 b —BAEAZ He RRRE Hh 5 N TCAH AR R B RE T 7 (F) »

Exe **[p] = [dFe, (p(F).[Vo(F). 75 (7)) (2.8
gl LS 3| Meta-GGATE A8 Hr o BERE .

B R AR W R BRI 5N IR S PUE R BAS B ML B R, B L
(115 PBEOLS, HSEPY, B3LYPI> %14 | Ly dnPBEO My 5 45 A2 #3545 FH 358 45 (1)

Hartree-Fock )22 15 A 5

EFBEO = EPoE +%EfBE +%EXHF (2.9)

Forbig 5 — i Hartree-Fock . 2 FRURS A (14 L 122 e R
(F)y; (N (1)

(2.10)
-

E," = —%ZJ‘, [[ drar vi (M,

F=Fogdlt— gl SSRGS LR H SR A e OCIRRE Y
% (cRPA) P,

TR v R P AR Sk 2 v R R T RS R I RS i, HR A
PEREE TR RO RIE N . GBS B 6 % SRS HPE S — 0, SO
X B o — SRR (1) 1) oK R J H — A 32 BRI R A B ) . — A3 4 [ 181 F
TR VAR S IR 2 bR R B o JEAEAE T B T KRR G AH AR A
LDAFIGGAIT A #8 2& Tov2: 1E A A5 I B AR B AR F EAT I8 . LDASE # Bk
12 PRz i A Y AR AR A ELAE FH T GG AEARAINAE & - RPAJT V25 RE M A 1 1) il i i At
A EAEA, HEM SR EEMSE BdFASEH. RN, AMIKHAZRE
PRI A AR FIR VO A ) W RE e S AN I 45 R o O T itk B o 2y SR B AT
P 2 1) 90, NV SR S T — 258 — PR T S AR S 2 6, El
vdW-DF 5 101 TS 7591104,
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Bl N i e S A7 2.1 FH PR RS RS

2.1.3 PSS RS %

HUE K fi# Kohn-Sham 77 75 75 Z2R i pR B — 21 58 & IR R R T o X FF I 26
TR R e A B, BT (AT A T . TERERA A R PR
FEA 7 — P T IR, T AN B R, S T PR A i R K R 2
FEV I, BT CATE FH P [T 98 2 4L 2 F 1 Bl 00 5 2K TP T g, Sl K g o 17
TR BT R BB R 3 2R i e i, WE R TER T
2 PO A ) 1o R R A CR R R IR 454, TSNS A FL RSP, R T I 5 2
PR B> T Mk BT B 5 1 N AZ 7 (BT AR LA B
B IBOR BT, AR R TAZ L GBI AN 38— BCEFIHE R 5
JEIT B AR A RACE, 2 MRS o IR 34 oK HH (R R 5 Y R R R 2, E B 1S
TR PR DX 450 5L S 1 A TR 34 2 AR P90 R 50 JER 3% (0 R FH 92D 1 S T 38 SRR T BT
PIFHEH , KRN T v & B B IR R HEE 7P s i E BT 2 M

EAFERR 2 ERA M IEIEARME— 1. —RHEE H R EH 2D, Hamann
2 \H2 H R SE1E % (norm conserving pseudopotential, NCPP) 1061091 |« g 526
TS —PEJFF R, AT ABISE B 2 I B 3 R EE O X LA
FLSUR BRI TR M B2 #AH [F], AT RE A 7 A TR 1) PR 25 o 8 X A2 R
TIF U DX A JI 38 R J50RI B 5230 R BORET 7 SRAR G — SRR LI o 5~ 1 JR 4 A
AR AE T, T TASERA AL, (BT AR R e s, W/ B 1)
P THT U e B AR BT R30I B L B8 H - O 13— 2B M B &, D. Vanderbilt
T AR B $5 (Ultrasoft pseudopotentials, USPP)MO,  flifi 17535 T 1 <718 2% 1F
1S 8 X JE P BR A+ 4011 . BlGhlZ & LAPWHIE R TT7%,  $2 P I 40n
[&#5 (projector augmented-wave, PAW) M2 pAWE 34 5 USPP EL A AHBL K T
X RRTHEZINBAREBRIE ML FdT, B 2w 1R 8 iE, Wit
SRS N T B o K PP A 7 R T S S AR B P P R T A R A R MR A ) SR, TR
TESLBR I E & 2N .
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2.1.4 IR S

I R BT, AR R IEA T DURA . AATER T 000 5
THIER, HansEAJE 7032 A0 a2 B0 R 5. AT FE S8 22 pR PR A AE 2L
THREETZIREBHNTIEZRRGE LR BIRRE T . RIE
Hellmann-Feynman & B 14 o s gt i 72 1 07 45 21 10 44 2 10 Fi 125 J85 20 A
LG BT LAd e 250 B o 2 B SRR AR T B 152 77

dE

- . . - dvH =
F=—=|dRv. (R)—w. (R (2.11)
=~ JRV R v (R)

I % Hellmann-Feynman i 2 (1)1 B 75 B2 150U pR 00U G 255 4 & R AR IE pR 2R
Sfr_EHellmann-Feynmanse HH 7873 J5 3 Be % H SR HE S H 1 45 2R « iR 4 Raleigh-Ritz
Aoy IR B,

WAy

(vlv)

A

H,

E[w,1]= (2.12)

B AR /& 207 FEAE 3 AL 1R

E, =Ely,,1] (2.13)

RNy, W2 TR

=0 (2.14)

% E, A7 405

dE, aE[m,?t]JrjéE[w,i]dw(X) i = B 4] (2.15)

di oA sw(x) di oA
FIT LA Hellmann-Feynman 5 B 2 2 AT A8 43 2, Lb i 4 58 32 i B e
Hartree-Fock & $#6 2 i £ Hellmann-Feynman i€ 3, {H J& Mdler—Plessetfi#h /7 1%

HANE R A4S, T2 AN £ Hellmann-Feynman i #
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215 I EFT
#£:Bohn-Oppenheimer i/ {LAF ] 141 1BA 5% A3 /2 S L T, SRR S 4 B AT
LA A R 1930 112256 6 Dy, , () KR, Hb st pilRETHS, o fAH

RORMERRTT A, g NI EBR . X Bl AR R AT X A, AN E AT 7 R
NVERAE § R ARSI AR, HANE R B0 N IR 2
FE# I PR BB HESE R THSAR R B 77 200 R 2 R Tk, ol 2 A IR

i TP 2R g i B A 2,

A7 BRI J7 i ARG AE (I I AL b 3 772 # 3 1 BUE R R &

R +7,-R -7, (2.16)

_ 1 =
Ds,s () = W Z‘Dlsa,l'tﬁ eXp ['q (

E¢ﬁﬁﬁﬁ%®=;ﬁjﬂu@ﬁﬁﬁﬁw¢¢m%uﬁﬁ&%%%%ﬁ%ﬁ

st

BRARER

Fioo =—0U /10U, ==D D@, 15U (217D
1ts

Hrp R, % IR AE s T 15 o JTEET T, g, 25 A E S R T

Isa

9% B 7T NBLES o 7 W GERSEAE K SV T AR AL th A AT MO 1, it
TR 7 (RS BRIBER A AR b, 33 (P R ML A 1
A7 WL 77 V0 SR 0 e 0 5 B S 0 £ 7 B 2 5 P 11
PRI RIS . X TSR R, 1T e f B e 1776 (78 o R b, 350
T SR BRI E TAR (L  F B F R R IR R i ot
o7 e AR R R TLAE M 08 7 KRB SR e 2 6 7 A 2 W 3
T 5 B 25 R B 61 29582 I 025 2 1 BB 24 (LO-TO splitting).
BB 7 R A R R B 2,

55 U R ORI o, 76 (82 DO 2R 1P 2R 0 36 Bk A o LA
B sR A, 6y B O R AT U — {5 T DA A5 0 R 30 2

Dy () = () (2.18)
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PR R X7 B A Hellmann-Feynman /756 & -1 1% ALFR AL 4% (1) I 5

o%U o= o,

|, ===, (219)
oR.R, oR,

(q) =

Ve () . OEn(R)
R.0R, R R,

BRY fan z() 0V (r)
R,R, R, @R

o+ g (N (2.20)

S

Horpv AE 70 7 A2 I S2 2R HL 7 3537 AR A% 2 8] B AR ELAR A . 4

2.20 3045 321 1) 55— 51 r e 77 55 8 o JEL 1A% A AR AL B2 11 D 5 Kk On / OR T LLE i

JEZ BTSRRI B, XM 5 0 A M il e P i S P 38
2 PR EAR T AN 7 2L B R I RE A5 BUMERA I IR I, R AT
DA REB AR IR T BILO-TOBS R . FEAIMRPR T, 70 BRa B mT LA i it

HrAH @ AR AR @™, @ = @ + @™ . fEMTAR R LA T B4R AN A2 750 L 37y
) B FL AT R R T B ARMRAT AR 2. 200, e Q O IR UAAAR, i B 2L
FLART Z % R FLRE O B o TR B2 IR R R 18 rh B ) DA B sk 75 09,

4_72' 2(q'z*s)a(q'z*t)ﬂ
Q q-£7-q

(2.21)

“saip (G) =

SERBFAT RS 8175 18] T % v S LI O B B L B
X (R TT DATE (3175 S B — S pit, T S0 A 150 25 ) . 6 2 1 51 25 1 7
WEHOERE @), AR5 LA sEA A i BUERE o (R) (R2.22). @it
X S 25 ) FK) g H50RE o A4 B AR 6 it T DAAS B 432 R A s H) 0 S e
N

D . (R) = Nize‘q'ﬁcb(q) (2.22)
c g

Foh, I T R R AR ) 0 1 Bl T S AR R SR R ORI R 1
FARAT AT RAR R RS, BARABRIAET —Ti0e
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JEeR S B A2 fr i S 22 HIy S h R

2.2 RIVENFJ1HETH

221 B—EIRE Y TB) 1%

TEZRER A REAGRNES, ERINELRENEIRAAFESHETES
(P15 BRI, LSRG A A A2 B S (] RUBEAN 2% (B REE A I &R {5 B
G T 1 AEAUIE B TS A RASR MOML R BE I 75 47 B thE 57 6 f A 28 77
%2 —. M. Karplus. M. LevittF1A Warshel Xy & J& 43 75l J1 SR 1) 77 153845
1 20134F [ VURAG 222 o AL G 435 /0 2 75 BN RRIE 731 (8] (R AR ELAE Y 35
X BEAH B AR FH #5382 NATTAR S S50 2500 B0 38— PRI S S LA A5 2 0 o 1
55— MR SRR 5 T 5l 1 2 R FR AN X e 2 56 1 (1 AH B F 35T B shidt AT IR TN
B 1AM ik . S5V R A T B0 77 2 v B 3 A 1 2K CPMDIM M
BOMD. CPMDJ5 ik BT R T 4% —FEg e dihi 1, &t fizzhJr feok
RS T A% A eR AL . TTTBOMD 2 3% T-Born-Oppenheimerit fLh, J& 78] )
FHEAEHFH M E T EA R B 7RSS H, SNEHE R — I 21k Rt iy
B IIEF 15277, TR 200 S5 B A AR R B 22 B 2R FE T R
— I %R T HARARAEE (G, =B, /ms B, =F ). B —1EREN T %5
M55 3N 77 AU X9 R AE T R 3 — PR SR R SR R TR A AR T3
J1 B AT LASE 415 42 300 1801 ) S R i 2% e R AL A 45T

W F I F R R G PR RO R RN,

lim %" A@,) = [ddP(@A) (223)

R YR AG) FIE ST HHRER A1 P(G) AR B AL XS 7> T3 T2 L
P4 I B P A D BB BN AT T2 o T i B — > 18 0 A AR R A
— AN EARAERLE 7 T3 ) AR B R R B 22 P T A RS . B At
ISR R] DLAERADL R PR AL 6 o A 36 7 R A A T B L OQIBRIN i), =4S LA N ] iz
k?%ﬁﬁ@%ﬂ&%%%&ﬁ%ﬁwﬁﬁo%ﬁﬁ@n=ﬁMmm,ﬁ*

Con (V) AVIEEE A HKIKER AL,
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Can (1) = (A(O)AR)) = % lim T—l_t 0” dt[A®) - (A)JAE+) - (A)] (2.24)

FERL T 2 LS B TR SR, 0 T B A B RE T AR X A R 4t
WPl AT Goit-ide, ORI LABRER R GEHI2h 122 MR, Leandanis ARzl . i [a]
SR BRSO A2 B R 1 AR R 1 % A B R o I TR AL B 3 70 S R LR

=

Ho

AP 1 SR B ] ($2.25), et BT (8 LI A St ol LS 5
T S HRE (R2.26). U B B350 1 £k 4 g (TR EDREt, 3 2
R B SR BRGIATE  (R2.27). Fobve 1) = Y ve el ig -, ()]

Ve NS s MR T p J7 AV 7

C,, (t) = (v(O)v(t)) (2.25)

A(w) o« j C,, (e '*dt (2.26)
o {(Wov)

C’@,t) = (2.27)
(@) z<vqp O)v? (0)>

2
FyAh, W ST E ORIB oR HO6S I TR] R AT R 3w T AR B4R R 9 R £ (X
2.28). T HARET H—Fh R 7 R H I T RALE, A5 R 2% R B o
7 (R2.29). AT LLUR I TR FAG 15 A& AR FR AL B I SR eR A B 17 3 5 R A
PR ORI R B, A 1R 2 W3 AT DL AH B R R BOR RAE . Hu ik =%
IR B SRR R AT LU T UH SR A0AM IS, TRz 'l i 2 i v 45T LU i 5 i
A ZE 1 H OSBRI FE AT AR AR 2
D= %jo C,, (t)dt (2.28)

<r2>=6Dt+C (2.29)

JEAR 151 B J1 2 AR RE SRR A R S AL TR R Z1 R RS (NVED,
111 SE P DUAEAT 75 ZEARA — A R GEAL T45 5 Al L B T 0 o A2 SRR 7 80718
IR, LB IERZE (NVT) RIZRSEE RZE (NPT R HIREHL
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HARTHRRE R v, IR s 2% 11 B3 2 1 5 ZE B —AME R 2% (thermostat)
o EEAE (barostat) . SEANEIR S A2 615 2 G0 AL I 28 273040 B 1E T F 45
H b E R AT AN IS 70 70 25 A o e i S0 ZORAE R — P Is AT I R ol R gt b i
AR IR FE R b — LB R, 1 RGN E IR FFAE HFRiREE (Berendsen
fEE AR XA EIR 3 EARREE (1 R G AL THIR A, A B A IE U
Ygo H W F R I 9% ok 1E IR 88 U7 i .45 Bussi-Donadio-Parrinello 75 i M
Anderson 7719 Langevin77 12, Parrinello-Rahman 7y 12:112 122 1N ose-Hoover
gy

Bussi-Donadio-Parrinello /5 i /& 7¥ Berendsen /7 % L il 2. 38 7 —NBEHL
MR, AR S 2 N A,

dT—_(t):{wL_l_t)P-z TO - (2.30)
T T 3TNz
P52 T o TR 6] 7 BRI EL B 59, REWS AR H A R ALt I ) R S I
gz

Anderson /7 2 5 — i fE] B[ —Ff . AndersontE iR 28 [ A AR R 7E — 2 1)
IS 1) 1R B R R G s 5~ 55 8 — 4L B H AR IR BB 2047 — AR, mlife 5 3
RGNHIRL TR EE, JF H R BOR 282 A o TR B e B A2 VR
I AT I BENLBCR DE -
P(t) = e (2.31)

ZaK\/l/S .
N Hrp e RIUFE, V2EBIHE, N 2R T7TH. £W
B

RNAHIE R v =

Rl (R A, RS MUIE N R ER, PRIFRER SF1H . Anderson7y ikt AT LA
THEE . 72 R A2 K RGN 5 40 ST e R ACH, BT LAAnderson
J7E FUE A e G RS E, MAREH Tt Eny SR, &
JEE S R KU I A G IR A B

Langivin{E & &% 1) B AR @ 3 RSO T,
‘=5 im (2.32)

i =F—-»p+ 1 (233)
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v TLAACA R — AN EEEE R A, 2 IR A 1 —ANBENL T, i i o,

e, ol =2myk T/IAt, At 25 T3 J1Eb K. 2y, BORI i %,
ARG R BOE N R 2R .

Parrinello-Rahman /5 y% & fE B a5 1 —F, EW@3) 7 i L N Rikg B H =
53,

. N . .
L(s,h, & ) = %Zmis'i‘Gs'i _V(s,h) +%WTr(hth) _P0 (2.34)

s bRRE, hiEmERELMMER, G=h'h, WRFREHRLLKEE, Qf
. Parrinello-Rahman#i [X & & X123 7 F2i &NPH R 4% B0 r] DL HAhE
I #e (LangevinfHilf#%) 25510 FHAE RS ENPT R 4%,

Nose-Hoover 7 i%5I N 1§ JE R G 43 R RS REM Ab T IE N R Z5. A RE
TR G 1 0 5 i

2 I

N p'_2 p2
H =22—'+V({ﬁ})+$+ngTlns (2.35)

sRERMWIMAGHBEE, g&NKTRGEEHE, QREMIIE, QHIELMIE
TSEPR ARG S MRS GRS QIR IEIUN 2 AT IR I 28 Gt B A i A2

o =1/2gk T /1Q(s)" (2.36)

5 SEPR R G AL TR — MR, SNLhr RS SRS GRS,
SR A GUAEAT PRI BOREUL Y A BE Ll S L U AR ER I et 1 38
M AR GEHIRA% B H 845 28 3h /22 9,

F=Pi (2.37)
m;
6i:_aV(_{.i})_pips (2.38)
or,
. N B2
o :ZFI_ Nk, T (2.39)

Nose-Hoover 7 yEIER L T IEN R %5, HIBOA T SEBR R GobL 1 1 S2 i JE ki
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JEeR S B A2 fr i S 22 HIy S h R

P, e ZHEARHTES ZEMER. T2 AMTAEH K 7 massive
Nose-Hoover chain /7 VEM PR AR iz A il J1, AR SN R S s B N — KN

K IR GEEE {5, S, ,enn0 Sy | FHFEIXAHREA R X EEANIS BN Eh B AL AT 1)

==t (2.40)
m;

ﬁi = _6V (:{.FI }) - P&, (241)

or,

. _ 1B _

ei—Ql {Z m NkBT} &&, (2.42)

. 1 2 .

3 :a[cgj_lgj_l—kBT]—gjgj+l j=23...K-1 (2.43)

éK = i[QK—lglz—l _kBT] (2.44)
Qk

Hore =p,,, BEBREEIFMMEIE, — BT LR Q =gk, T/0®,

Q, « =kgT/w?. BEMAKFEREIUN TS & N2 JEH N, ER MR D
RBURCHRE, —BoRUH LR K =4.

AR AR 2 1A SSOE T LR — 143 v 4 R R IR 2 AR IR 25 R, 42 RifE
i e BN R G FHITHE, RAER RGN FHIEE K20 T o
P(K) oc K3"/# e X — iR iit 4 Jm 1 L 25 X0 T4 2 P90 1 | 32 )9 AL 30 R
i FLREREAE SR e 2 R AL, R REAR AT A 2 R GEE B BB B B 70 A
3 #2 % ff1 Berendsen, Bussi-Donadio-Parrinello flTNose-Hoover J7 4 #f & 4 & 15 I
fro AT R RS, XA RS INFERE KL T B M esh B g b 45
TR T B [ o B A 3 R B R 2L B M, P(P) oc e kA Skt T
LRSI ATE R ZE A RBERE A X, a4k, Anderson’ji%, Massive
Nose-Hoover /7 % FlLangevin 77 755 2 7 H B R 8 E iR 48 . (22 R IE IR 28 X0 T
RN ERRIZ B R AT, AR AR R R IRSE B e anZr s, 4
JRITE IR & I ROR & AT

3 A0 FT AN I LU iR 4% B0 1 S a5 20 B LIE B A AERENLPERT . Anderson
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77, Bussi-Donadio-Parrinello 77 % #1 Langevin 7L & & A BENL M S 8, 1
Nose-Hoover Jj %2 AFREHLIERT . X T 28 — 1R R B 0 T3 )2 igll, i 73k
ANBEAR L I SR ER S T 1A BTk 2R A, BEALIE R 1E R 28 el fH R S A AT e &
AR R E TSR EL BT LLECPMDIX FE L FF Hh 2 22 K F Nose-Hoover ]
itk

222 HHRETE

BEFE— AR AR I, 3 B0 8 D RHE S 8] (R LR A0 R 5 T AR e A
MRFaE 552 B B HERR RN GE, BasE A BA BN E R %2
R RO A H T RIEE . TR T RANESMNRE, HAREE R R
MR EVE . 35— VISR S T-30) 77 F MBZ RE 8 S il B FH BRI, (H 2 R D HA
7% ) RO AR TR PSR SR, AN IE A BB PR SR TS AH B, e LR 7E [T AH
X,

b F AN G, BT ERET LS F = Fogr + Fram + Fagnare 55002

SEE MBI E, RS R EA R B I RS A T
e AREN) TTER B HEE,
Fuam = KoT [ dag () In(2sinh(re) / 2k,T) (2.45)

@, g(o)7iERE PR AAEE . B =00 RS otk T KH
ST, R EEAUIS, T AL R AR I Bt A 75 R I i, 58 = TAT BA
R

SR Mg AT ) 550735 S0 FH T3 A2 T A LA P [ 4%, E TR AN 2
fai VIR A, AATTH SR #4158 43 (thermodynamic integration) 7575k
PRI G B ARl AR E R SRR A RN, R RN E BRE T LUS R,

F=-k,TINZ=-k,TlIn Nijd Re™™V® (2.46)
A"N!

HhUu B2 RMHGE. RIMFLE DS HERGU,, KRB EN

U, =@-DU+AU,, MESE L THRFHIEBEEF, 7RG, MHEEERE

ZER AN B HRg 2 LU R a2 20628 A N RE
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AESORE LU R 22 HHE G AL

FoFu = [0 22=[a2U-u,,), (247

BRI T SEe R AT LR AT AR R IR S5 R R, ol
W, T A P LIGEIL 38— PR S B0, TR S A
B R FHEAT « (R BT RIS I R 0% B2 B GE TR IR,
PSR TS o LT LA FEASLA 18 S 7 S LT BT T 4 el 52
FRE I8 P T AR A 5% R I AR 2 O B f B KL
T AEEL, {FL R T I P U R O 5% 3 T LUK K OIS, 2
BT BACE.

223 4TI H2E R R

55T 12T BB FR I S, (R HL I R A 2 T
FROT A R . BRI 2R A T3 T E RS A, TS A FEAR S KB — B2 T3
TP, B R TR SR RS . TI7ESTRR IR, A TR e
M AR R, AR BRI B A, e B B B B i
BRGS0 (P ~e /T ). o THRMIREACR, ik Bk BRI
B, SRR TR LR £ T L.

A IR T (TR AR R A 1 P 3 T
L%W#%ﬁ%%ﬁ%%,wW%%%%%%<Um=gmw@—mm%o%E
HRAE S5 12 B 1 P D PR30 3045 38 A 8 LS 1 e 2.
5K RS TR 755 7 e o A o AT LA I 38 TR TSR

LaioFIParrinellofi [ E ) /7% (Metadynamics) & % —Fh =20, ixfhy
B AR TR S B A S 2R B BT 4 PR EL, T A JSURHTE
WUk 3, HOP S TERTRE S BRI B BRIt ok T 4 AT RO
AR — R HTTT DR d R R M3 AR e b e, TR L, 75 d

V. (S,t) = j; dt'rﬂexp{—i(si(ﬁ)_s‘(ﬁ(t')))zJ (2.48)

2
G 20,
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HHBE F(S) =C—V4(S,t > o0), H& P AT 18 S AR F AT 3l L
S HIK

_ . —u®
F(S)=—k,Tn deé(S—S(R))e ksT (2.49)

2.3 BRERD I TIN%

2.3.1 HZEBEIRG 3T 1%

Tt LW o181 )15 R B — M R AT R 7 oy 181 )15, SR I%AHD
FER A SR T ORACEE, W RIS s TR . AR — LR A R I SR T B AN AL
AESRIHAEF B E R TN . Feynmanig 2 F1 7 & b B R 1% =11k
—NE B TB AR 0 Ta 1 Esie WE R, 85— 5 #9130
15 T BORHIE & TR R I 73 B AL

Ab B R 4% ) & 740 I Bohn-OppenheimeriT U 48 75 20 /2, I H R
TRETFHEZS, R B AT LA B 3E 4 [RDRL 71 2 RO L 4 6 4128190
Z(ﬂ)=§d|§-exp[—jo dr(T(F?)+V(FE)+ Eo(ﬁ)ﬂ (250)
Horp p=1/k, T, E, ZHTHIESAEE. KM Trotter kY, 1t ket 2317 ¢

IR FeA 9 73 B P IRISRAT,

Z,(B) - ( j Jax-epl- v ()] (251

27Bh’

EEF'VW(X):— 02 XTAX + = ZV(R) X =Ry Ry Ry | A2 ET P A A

PRFIEH — A P YER R, ASEIRVERHORRE, WA =26, -6,,1.-6 1>

mpsﬁﬁﬁﬁ'@ﬁ%%&o V, A& 3 75 1 Bohn-Oppenheimer % f& i . 24 P —> o0,

ph
Zo(B) = Z(B) » EHULHE KN m A RELS 2L ALHE ) B 5P A FC 73 B AL
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Mp=1, Z,(f)= ( ﬁhJ [aR-exp|- AV, (R)], A2 T iIBL S L. 220

Ry R 5 E AR IE2-1R . B R A8 S BRI AR ELAR ) w] U8
o I VAR ELAE R R A

K2-1a ALMKITIER, b NETHER.

B R AR I iy

H:ii FIJ\EIS),()S) Z{Z M, ®f (R® —R™)? +PV (R)} (2.52)

1=1 s=1 =1

BR R EE N LIRS

(A) = Zitr[eﬂ‘* Al (253)

P

MR BC 7y R RT LAAS BB 1 R GE A% B H

(s) P (N
L=T00 Ve ()= 33 5113 202 R - R 2w, (R (25)
1=1 s=1 s=1 |

Hoh p® itai, MRk A H 0] LR 2182 5 12

MOR® = L MR) 206 _gem gy (2:55)

Horr M O JE 5 s Bt Az, B 1 MR TRORIT R . EEIER T, SPAES AL
JRETEHK, FrEAM O UG BRI TR R M AN . (B3 R IR R
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P 2 AR AL P S R AR, SR1FMonte Carlod5 ik, AN s BRI SKE
FLF R S AL o

2.3.2 2R (Staging mode) FIIEN[#E(Normal mode)

AR T 10 2 2O0T R 4017 TR E AT AR (1) — A im0 2 A RRAR I 05 2 & 8 1
Lo N T IRUEEA R, T ERAR R AAR AT — LA, AR AU R T
MEAERX AL, AN Es) 3 HERE ESSHANERSE (HLiNose
Hoover Chain thermostat). 7t H Fif i A 7370 30 77 5% oo e i A I 20 B
P21 1 A 5,

Staging 5 2K H — R FET AL bR,

(s—DRED + RO

a® =R®, 0¥ =R® - s=2,.,P (256)
S
HWAR A
RO =af, RO =00+ SR LR, 52 p (257
S S

i StagingAe e, AR HAE I H &R LIS H,

N P M‘(S),(lj(S))Z P (N 1 . . 1 -
L=22 ——""-2 EMf)wé(U.”)2+BVO({u.”}) (258)
1=1 s=1 s=1 |
/\I:':l7
MO =M, , M,<5>=i1|v|,, s=2,..,P (2.59)
S_

ALY /7R B T DL 31,
1 v ()

MO =M Pofu? - = (260)
P ou®
PEEM A AT LU S N AR F.
N, &V,
- o (2.61)
oa ;aRfs)
Ny _(522) Ny No o, p (2.62)

= — ,S =
ou®  (s-1) eu®™? R
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¥ 1 Staging#e e, 53— i A AR H 1R U A2 e,

y© = ZUss R®) (2.63)
P
R =\/EZUS+SV|(S) (2.64)
FARZEIRA% W H &
NP M ), (gl P (s 1 (s
L=2 Y= ”‘) ZﬂZEMP¢QWY+;wdw%} (285)
1=1 s= =1 |
BT,
.. %(S)
M I'(S)VI(S) —_M I(S)a);yl(s) _l%ﬁ;}) (2.66)
P oy,
ANAZ I 1) o
M® =0, M® =19M,, s=2..,P (2.67)

IR 29 e R ARIAIE(E SR L P,
A = 28 = ZP{l— cos{—zn(;_l)} (2.68)

Horr, JERE AR Ay =20, =8y gy — Oy o IETARAL S SR8 [ 1 N AR eI 50N
/(I

ay<1> ZaR“) (2.69)
(S) Z; SSaR“’ s=2,..,P (2.70)

2.3.3 LB 1%

EIRERARRA 007 B0 1 S FEARYE L 23 BRSO A 2 (R BEAT St A, AR
PUSEIIEN D55 B A T R SRR, 5 IR B I, R =Ry
TSR, 4B 0 B RS 4 731 112 (CMD) B333T, S o (27
S5 FEN% (ACMD) WORIBRTE £ 48 5313 /1% (RPMD) D924,
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FeymannAHibbs & 5.3 H1 A ALK #8428 70 0 18 1 7 A 1 R 1 I
O E— & G i AR k1028,
1P"’s =C
E;Rl()’ P
283 TR AR DS IR 38— AN Ak bRl AR AR B .- Cao i Voth/™ 4% IE B T 5T
O U A 22 kLT O EE 7 e BOR G, O B A U E T 3 8 4 B A e I 35

[141]

1 P
Gy => pY (2.71)
P s=1

Z(B) = ﬁ I dq°df>cp°(q°)exp{—ﬁ gm} (2.72)

p°(@) =epl- AV (@) (273)
JFR LB AR A LS AT R, (ELR B 00 35 BE AR B R s R A 0 T R B 1
TR B 50 73 1 30 0 A R R B ] E 20 B O AR S R E B OB SNk AT
NVTRZE N ESERHEE, HiHE N — BB AL PR, XI5 Ol Ak 77 A
NVERZE FIHT, AGRBRILEh )%,

FERE B0 23 T3 ) BT RR AR OR, EMIEA . bR R ORI A B0
53 801 715K RO B T
M®=M,, M®=19M,/y? s=2,..,P (2.74)
FIH y R AR BEA AR, R AR OB T O EEE R IR 2,
J R A ARG TT LLRBE AN T, T2 W] LU AR OB 2 o 0o 82 2 46 A
[, X OB B Sl R S RIS BN AR, AT DA SR SR SE I AL
AT,y BREBANRETC TS K, IR IR 75 BRI T S e T 1 1 [ B 35
Wo yBR, BUGTHBTHEERD KB/, RS R R A 8] R 75
B K TSR 8] o Voth &5 A3 3E— 35 B 3 BT O3 SR o o8 2 [ 1) 46
TR DATE 25 B0 el 55 177 AN 52 10 Jo o0 158 206 2 SE I 0 30 ) i AR . IR 2K
SR E A HR AT LI E AR/ IN D AR I B e T R

W 2555 15 115 7 J5 3K 1 Craig A1 Manolopoulos&s A & Jié 5k i — A 357
T S ] IR BRI 7 1 o AATIAR H 7 B AR B B R B 00 0 1 3 D) IO HE S
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M HUTT &
M® =M, /P (2.75)

(A3 s T IR B LR A,

N Rr2 N
oo P, 2 _
H (P, X) = (X, =%, + > V,(X) (2.76)
,Z;ZMI Zﬁ h2 Z - ; 0
BB AR (2.77)
%, _ P
I\/II
. M, . NV, (%)
pl :_,3327;2 [2X| _X |+1] T (2.78)

SXFE I BT LAORIEAE (&7 1 AR BR R I Ht — O I 8] I i K0 a3

(B(O)A(1)), =

= [[ dRdp-e "B, (0) A, (1 (2.79)

234 RBEETFAFLARITHE
TEBRIR R 2 T30 Sy h s 25 B S E B, (HE RG R RE R T IFE
SN N e . BEE it T LU HE 20 2.53 K15

(E,)= _Ziaazﬁp (2.80)

< > 3NP <ZP:Z M, o P(R(s) R(s+1))> <ZP:%VO(|§)> (2.81)

HA AT I AT LOA N B TR R BBl fE

(Te) = BNP <ii%M.wé(ﬁfs>—ﬁfs+l’)2> (282)
s=1 |

e — B2 B TR R ET I3 A
(Vo) = <ZP:%VO(I§)> (2.83)

Ferb gl e T B P 5073l etk B A T B AR AR P o bl s 2.82 1f
SRRy, Kt fbstE Ty Z 2R P I KGR, TR EETHINR
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Ft e, HRAEAE LI, 2R LS B T 020,

1 &3 560 V(R)
<Tp>—<2PSZ=l)Z|)R. RO > (2.84)
W PO — SO U 4 B B, AT DA H O 4R LB RE R A 2

bt ip - 5 (s) _ p(cen) aVO(R.)
(To > <2PSZ.Z(R' R{M) RO (2.85)

o

1

LR = RIS B T

'U

FEHARR 7073 22 R R, TR BRI 30 75 2 (1)1 R HORIA 2
BRANA R o R T AR ESRTE T Z MR P o S P LI, XN T
2oL, BEERCTIME SR REME SR HPHIR, feE AR T
i 88 22 BB DL o RF 30 (K024 P O TE 53 RIN, E T A R AR W9 M R FUSE I % g

235 BRETHRET RN E BReiE
R T AT LA B B RSB L 2 A A S R S
B 7 T BN 1A AR S &, AT MR R B 2 e R e 5 I i E T
FE . MR TR BIEC ) R AL

AW{éﬁ)IWW{ﬂZbMZZ M+\Mmﬂ (2.86)

AT & AR N B, A E A IERU , (R) = A- AU (R,) + AU, (R,) »
N AR B RS TC 3 BRI 0% R 018 B BT A SRS 0T DATS 2 [ g

__%ZP;<U(§S)_UC|(§S)>A (2.87)
F-F, :I:di%gu(m_u“'(ﬁs»i (288)

XM LT, Z MR RS RE NS EER BB, LB TR R 5L 0K RM
FEIRI R, ST ESCRIRG. D. AlfefIM. Gillant 7] L% F 3% 825 LR 77
XBE I EE TR RN A e,
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— 2P —
Uazp(Rs):istU(Rs) (2.89)
’ 2P &

Forb = P BT SIS e, wy =1+ A5 4 P BUBARIIHR, w, =1-2. ATLISE]
2P N1 U6 LR L R

Z, = (AZP)Z"de‘e -exp{— ﬁ(sz(ﬁs) +%§(1+ (DU (ﬁs)ﬂ (2.90)
H _[_mP R, —Ri.) o 45 E tifent A K 515
/\E':l Ap (Zﬂ'ﬂh j P( ) Z]_ZZIB h2 R|,s+1) /{—J‘Q EBH Xj‘ﬂ jz,fﬁ%{:f
B2l

OFp /1

N <2P ;(U(R' 2) VR 1))>1 (2
AR ¢ R 5

1 2P o1 N _i P .

§5§a+vn)um@—P§pmm) (2.92)
CIRYECE:)

F2 J. dﬂ“< Z(U (ﬁi,2s) _U (ﬁi,Zs—l))> ( 293 )

PAEARTTINP =1 (ZHARERD FFAGTHE P = 2" 1550 T 1 H B Ae B 218k

DA bR Z SRR BN B AH ELAE F 35 00 B A 275 R G T 1A — SRR R I
FA A EMRRME. 24>, 5P E RS R R AR,
P LA 72 HEAR R ik 7%, {645 11 SRR 52 2 FR il . Habershon#Manolopoulos##
HOK 28 SR R AR VE N BB RO R S5 B B, A 1%

=(1-2)R+ R (2.94)
T ISR e B E R RE R
= o, OU(R?)
———Z<( TR > (2.95)
AR’ i

AT T RN — A HERIE A — w2 R R RN o 3] 7 5o
B AR A SRy VT DL B T S B[R] 3 B 4 AR 1 el A AR,
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BB s T EMN m AR Sm, , FTRLERREW T .

m(A) = Am; +(1—-A)m, (2.96)
A DAUE B [RIAL 2= B 41 5 B H BRI 8 vT DA 1 3 s A s 2 AR 0 15 21

AF =j:d,1{—am—(’1)-i- K} (2.97)
Hp & -73hfe K 7T LUyl Sl & T3l pe Rk M 4E L& 1 shre ik g .

p
K Prim :<£—3mwgz(ﬁs —ﬁs+1)2> (2.98)

> (2.99)

2.4 BERRHTTFIHEE VASP PR EGSIIS KRR

AT B b A DAL SR — 1 i 2 B AR AR A3 40 T 3 7 2 1A 7 b B TR R AR A
A CASTEPM cPMDM™L, CcpaKMI44: . i 4hM. Ceriotti% A JE T-Python T &
TR T8 Sy A A -PIM®, %4 fF AT PL 5 CP2K . Quantum-Espresso.
FHI-aims3% 55— P R B R 45 & SEELEE — PR R B AR AR 00 7 1 3 J1 A

2.4.1 VASP faifr

VASP (Vienna Ab initio Simulation Package) #& B3 F| 4kt 494 K =) G. Kresse
S NIRRT S, e B R E bR A S M — R
Bz —. ZEFEHMPI+FortrantE P4 S, BA REFFHAERD, RN A
S T EORS FE AR T . VASPAE ISP T AL, FE T 8 1 1A B A ELAE
RS (USPP) BRBUE AT (PAW) J5ikidtiid . FEFe il FlisAR
FaRET AT % (RMM-DISSAI ) BiDavidson) A PLSCHLA &k Fase . BRid )
Kohn-Sham 512 H VA K fif . (EIERCKR IS FE K 1 BroydenfliPulay®: iR &
SN H IR TR IS . VASPH] LA E 3 € AR S AL AL IR BRI o AR R BR A AT
DAL K 3 AN T B fey 280 T SRR A A B 7 o AT B X AR 20438 P ASE R
J77% (smearing) BBIGehISCE i) DY THI AR 55 -F2 0 7 7% .
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Bl N i e S A7 2.4 BRAERT 93 T8 )17 AE VASP ) BAR S 5 Kk R

VASPIEH A 15— PR R B H SR . X T A R AR R, AR, 4
T, RIEXFA KL 7T LLSTIL 2 Pz o 1% Bz i BR TS JEAEAR D)
Hartree-Fockit 5. Z8 0% Bz oy i THEL (MP2). GW. (ACFDT+RPA).
TDDFT4E. VASPH LABEATTHEME Y, M5, Ju . VASPIER] L5 /) F
TIHERE AT SRR AL . A BRI R (NEB) LA T3l J12 il IR
FEBCHT IR VASPH S 1N T AR 2 43 T3 1 B sk, (6453 B ReS SEILTE 2 11
IOTEME R, A RESNMS 53T 3071 Metadynamics. #7585 F11g
AR T VE . FERN ST 30 )5S SR AT 2 b i R 2 A 1E R ARk %

242 BRI TN1%#E VASP Mg &5 RE

HIRRIIVASPEA £ H [IFAT45H, AHEHE (IMAGES) MIFT, KRt
1T, BEWFROIEAT, PR REUN AT . BAEVASPHSEHLER AR 70 T8I /1%,
AL S H AT S50, 38 00— 2 5w Bl K AT TR EAE N ER AR AR 0315 R TR
FHAT, (RIS B2 B FEAT AT PLOREE A 15 VASP A (1) B 25 M HEZE 45 DLOR R,
{RAE B S5 A TE SR P BEAN 52 520 o ASATE 90 28 1 o TR e Ji sk s R 2R e X
{EIHRRI¥IVASPA.6 1 L& B T B8 ARGy 43 T8l 1 2 IS . AR SCAR 20K 2B
77 SN HE 28T AR FVASPH, [R]ISR] B AR VASPEE 22 (1) 4330 15 Dh e S B £
) 58—k SR B PR AR R0 0 T3l S0 I Th Bk . — A VASPI¥ 2 272 bR T SR B
THFEMLFICPUE R 2 3 H O(N In N) FURLEE, 1B LA F 3l

SRR A T R B G R BRI o AR SO SR F IR AT RO T DGR ZE
UBUR 22 B S LA R T s T BT R SR 2
P ] SEEL A Th B -
—, RIS — MR R 0 T Bl 1%
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FUEARRF 6 o XA 22 H BT LR BENS foc L5 (1 SN B S 1 10 P ] 5 2 2t 47U
R R.
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Bl N i e S A7 4.5 KRR 51 B8 o AT i ds

4.5.3 SHRIIRIIFHEFE S HN

BESRAE STM St rp L m] DASEELNS PR = 1L 1K) DY SRAR BT K 20 7% 82k
A DASERUN AR T PR Se i %, ISR AR IR . niRAE STM S8 -
SEHLIX — s, KA H AT X BT 1 (R R o A LR AW, A BT B A LA
AT NATV IR 51 o i RE AR o A1, 7E STM I R AR R AR F 29I NEF
2Ry STM R RABGEBIRIME, B REXT IR RGA &= L. H
an B AR B R 7K 2T BUE EE AR A T e E AT R 5K T UE 2 T8 1
IR G . EAHEE, EW DM AR Z M EER T 7 7, B I8 B AR
T RIATEOR , 13 RS RS s IR 2 I i 21 R BT R I B R 75 2o
JiT BT O RIS S I R AR B P AR AT AR 7 R R, REAS BER X AR
M R S B BE A R S0 (1 R e 7 2 [ 5 0 4 ) LR BEORG BT R 2 g BT S AR Y
FREAT IR HIBIE T o

WEFORILWERRT STM $HRHRE TRHT M (ERL PRI R E TR
BT, B HKBNEIRABD, HUnT LLSEIU 1 BE 5 A am AN . K
4-18 Feon T MEtRm N 3.5 AWHgiEE cNEB Jik i AR AR L&k, 2
e AN B8 28 B T 2 i 2 R P 408 1y » I REVRE U PR R B 2R TT AR DR
PR, NI SERURT [T TP A 34

08 - S Q@g ]
_ - |
®
S 06 - g/ N N 4
() ’ III/ \b\ ©
> ) I?’ \‘\ 1
S 04 // & ees
LICJ | I," \\\ .0.9.90
A " DoeQ@oeQed@
0.2 ~ 29 —9— notip \?‘\ h
‘ 0~ 35A R '
,,.%’ . .:s
0.0 4 > ‘%‘-}.og i
-04 -0.2 0.0 0.2 04

Reaction coordinate (A)
5] 4-18 5 BRI 7K O DU 3R A b DO R 1 W IR B 5 i R A CNEB 3542 126207, 4
ARV EARARL, BEAEE T, SO, EEAM, 2oRE, AtoNE. $R
190 JBE T SOM AR s S 8 7K T SR A L e o A T B 2
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SV KAE 2R R B 1 28— 7 J BT 7 Bl N i 7 e S 7'

K 4-19 JEoR 1 HSEAS 21 cNEB 35 22 31 FR % 5 BE 0T ok LUJR BEE BT = B (1032
WK ZR o B i L AN 22 98 FE R G 4R i JE (M BRAR N e PR T iy, TR & FE
R A B AR i L (R B S 088 KR /N BRI

0604 o 1020
—_ ‘___-b-----_______________-_------__ ______.- m
3 0551 o e 1018 §
-— ) o‘ Pie D
'gi .___" __:0\ ____________________ o_’_'_t ________ ;
20801 Gy e ° 1016 =
a_s 1 “q AN ,’I ,"' =
= i .\ B 'wa' —_
g 08 9 3 lo14 2

- g ‘,'
0.40 - ‘o
———————————10.12
2 3 4 5 6

Tip height (A)
&l 4-19 cNEB J5 211545 2o+ P [FIBE 28 i AR 1) 35 22 B (R0 T34 22 95 FE Bl 4T
R ENE R R F BRI TR C A 8 B LARA T BT I 1 35 22 =y BE A 34 22 B0 FEE

FHORXSBE 5 3 A2 RS 1 ZA PN T . — 7T, R B RO T I PR 1
B 5T AN AR & T 80U T U [RI2h 35 22 1 B, DO R RE 3)
FEREE K B AOUS A (18] 4-200 55— J5 1, EHREE LR, SO
AT — AN [ SN AR A AE S 3Rh S S B B S K R 2 O A 2 (A5 B8 7 B AR
S EE AT, JH/NE T L,

a 002 00 002 b -0.02 0.0 002 C -0.02 0.0 002 d
[ O | | I I |
4] ' 4] 4 C%’&W -]
2 Qx 2 2 ] Q? < Q/o
=y %@? <5 <9 ]
~ ~ w w
N @ N N W/
2 [ ooy
N JE N,
. oS 2 %
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
X(A) X(A) X(A)

P 4-20 7K R PR AT G A0 2243 BT 25 FE#ET . as b ¢ FAFRmEE D N 4.3 AL 35 A
23 A, i d FELHTR.
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Bl N i e S A7 4.5 KRR 51 B8 o AT i ds

0.03- 9
o

2002 \

2 Y Y
2

2 0.01-

5

(] ]

(" ]
000 o
20 25 30 35 40 45
Tip height (A)

K 4-21 BE A AT R L AR R R

JO 1D % 2 SR B A 2 v FEE R OG AR AT LA LR AR 4.6 5 3] (B
4-2D). 5 cNEB JHiEfFRIM4 1 —8 BFHRE OKUREFELLIRR)
FE R TR BRI S8 KR 8N o AT AR 43 AT R 5 L B (R,) RIS T Dk 0 B
F T ARG R 0T LATE 2 (1075 BTt T Ik o ol A 10 1 5 TG e e (A
4-21). 5 ESCHE 8, 7T, A AN B R AR AR AR 3 (R,)
B BT R m B R FETTAE R, J(R,) K, FE % JLA VN (] 4-21a); 55— 7 HI,

MR B U T AT R S B AR ELAE RIAEAS O B SR EE g i, )" R &f
BT R AR (K 4-21b).

a b
60 T T T T T
" ]
14{ @
57- \ ] N
Z 5 o ] 12- \

o\ N
48] o\"\o | \

T T T T 8 T T T T
20 25 3.0 3.5 4.0 4.5 20 25 3.0 3.5 4.0 4.5

Tip height (A) Tip height (A)

K 4-21 BE5AE B L 1 otk B A R B AR oG &R, HARE UL 4.5 71 4.6 3o
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SV KAE 2R R B 1 28— 7 J BT 7 Bl N i 7 e S 7'

£ STM sk, WA LB R A —CLE A i, IR 1 ALk
KR U SR AR [T T P P AR S R AR G T B A T LA B
R AR (K 4-22a) o [RS8 IS I T PR AL BIR B B e B S
RS EIR T A R B0 (K 4-22b), RINBEEFT I 5 B 1T B et oK 5
No SERIEFEN SR TN T FAERAL R AR BB R 2R, JiE 1A TR
W RIET 75 TR IR TRE % . A, [RIAL R 1 It e % 9 s o HLA 52
P5A 7B -

a o5t b ; .
10+ a
Vbias: 4mv /g- -‘
048] AS—CS - % \
o
< o4 o % P---a% L
: AR N
E o042 £ r T4
o fgm-
03 3 / -0 CS—AS
CSTAS § -0~ AS—CS
0.014
0.36]
3 7 2 17 245 240 235 230 225 220 215
Time (s) Tip height (pm)
K 4-22 STM SE36 6T FYEFAL I E . a [Ee ik, [F e h2R i B i Bl 2 1 R] 1

Ao AS NIEI £ Tk,

R LI . AR TR AR A

STM 4R AT LU AR 2R 1 LI B B 03 EAT R B 1738

CS NIE&FF1. b

GETHS 2 PR T A TR AL IR 2 B
RS SR

T STM 4142

I AR5 HL 7 2 T LUK R BEAT A R IR A L e 06 o AR A 2 S o o 5 2

E@%‘:%[M’ZOO]

AT AN SL G4

HRIETS 1 5 Rl B BCE ok A S ISR 7

o ML STM FHRIIL B IR AL 5 5P 2 AT 51 % FPEAR A S N (i R

XA

3 hu
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B[N i e o 2 VAT 4.6 R MK T L BRIIRSR A

4.6 HRWE KT KBRS R H

4.6.1 BAANKSFHIPRE) K AL R RN

KT RS AK 1 “Fagr”. il &K 51 3RshIE a] DL K 4
o HOKIIGER, RAK 5K K S FAR A R A AR AR e sset2i,
BAN KO T R BRI =R (B 4-23), A=A FRIF OH ik =t
(v, XFTFRM OH MZER (o) Al HOH BIPIEL (o, ).

asymmetric stretch symmetric stretch bend
: h 1 7 ‘\‘ |
Vv UV v
K 4-23 BAKD TR =FREE, W EARTGEAXFRE OH 4t C(vyg),

SRR OH it (v ) 1 HOH BIPIE (v, ).

SCERHRARIE K] HoO 43 F H X =R 2 (AR EATER 43 Bl A 3756 cm™ (v, )+
3657 cm™ (v, ) A11595 cm™ (o, ) B, A5 i S48 F 4T optB88-+vdW-DF

SEHRIRZ BT 7B HoOL D20 1 HDO 73 T IR B X (3R 4-4).

# 4-4 BAHH H,O. D,0 il HDO 431 1) T iR 2l A% [ %o B g i

H,0 D,O HDO
cm™? meV cm™? meV cm? meV
v, 3818 4734 2796 346.7 3774 467.9
v, 3694 457.9 2660 329.8 2714 336.6

v, 1602 198.7 1171 145.2 1404 174.2
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SV KAE 2R R B 1 28— 7 J BT 7 Bl N i 7 e S 7'

£ H20 Al D0 7717, A ANl i IR s 3000 59 08 SO R AR i i 3 C o )
ARIFRIR LRI Cog e v, Moy R HPA OH MR & 7 £ B R 3

). HDO HIET PRI 07502 OH Al OD ALK H4EHi. HDO 71
XM RS BE EAZE T 100 meV LA E, ATLAHAS & 7] L2 .
FERAINRT, ASCESELL D20 20 7 BT 1 4-1 F s i b 254 1)
D,O 7> TR M R T IR BN A% (R 4-5). WAL [Fl—H 5§ DO, A
RO B R R 27 A AN TR RIIR Bl o SR B Q0 TSRO IR AL 2R ) 25 A A A 3R 3L 17 5

g E(J’f% /% [44,211] .

R 45 H90 1 DO W SSRGS LA = A RSN, TURP R 20 xR B 4-1

a b C d e
v, (meV) 343 344 340 340 350
v, (MmeV) 324 318 327 315 332
v, (meV) 142 145 147 145 144

{1 K A AE P AR A BRI B £, BB A S IR e 224 S
A T S AR . G LA ) 3% B ORGSR 2 R
721603 L 5 I 2 T A0 T O B T B 3 et
AT

46 FAANERTR B HA H,O\ DO HDO Hl DHO 43 HIHRBIATZE o s 1R Bt
giry A 4-1a firs, HDO 201 g AR I AM2 OH, DHO 201 i[RI R I /M) 2 OD.

H,O D,O HDO DHO
v, (meV) 470 343 468 451

v, (Mmev) 194 142 170 172
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MRYE SRR LA K TR 4R (Bl 4-1), AL 51TH5EAS H0.
D,O. HDO A1 DHO 73 FH#REN4I# (X 4-6). HHI HDO 4315 DHO 7+
RN T, AEFEACNET BT OH A1 OD 48 A 14 [X il 3 453 W3 e 45 #4) 77 AEAS
A, ASCNT fRifbEE, K OH fE L. OD 7 NI FFN HDO; 2 MIFR A
DHO.

H5H HDO (DHO) Z3 WA AL, FEX PG 0 T 4if 1) 1 A1 ) s b
OH (OD) SR K& A 7 OD (OH) 2 [A]HIAH & Al LA 2N . Fif LAAT DA B 42
15 BIPU R 4 B AE TORR & 1500 T I RE & (B OH=468meV, i OH=451meV,
=+ OD=339meV, it OD=327meV ). XtF H,0, FH/Mugiti=t i fe B2 N Av
=17meV; X+ DO, BB MAERZE N Av=12meV. FH MRS A

u)aa@ﬁa%@zww:i, Horfy A ZBET, HHEEH] H0 (D,0) Wit

RS A G R BE E R B 6 N 2.5meV (3.5meV). T&n LLit&E H H,0 (D0)
IR G REII N 6.5meV. FE REU 2 B LTS5 AT HL T S5 1 s 24
FERIAL 3 B Hdf ol N RREAAL

HDO Fl DHO SEfx b2 [l —Fh 737 B R RS o G RS A AR ¥ A
YER, XM NAZ A S X e SEPR b T Bk S A s S A T R A 3R
B A 2B R I R R AN [F I, i AT R T BRIR 28 BAT AN [ PR R B e o
ST FFER HDO F1 DHO MR BT 454, 45 REE 2 58 & — 8. X FhRIAI 2=
U Y SR I 22 ) A o bR SR TR R RS . AR K AR B B =TT DL A5
HDO {2 S B L DHO % /S RS/ 3meV. (H 24 H B8 FH 155 32 iR PR HE 42
2 3meV X 4 /N 22 FEAS B B AE R (]

%F T HDO #1 DHO W45 4, At AT 18] (A% 1 1) 22 il 32 BRI T 7K 43111
RS - (AT B U o AR Z ST B LS S 3R K R s =i e g
A URTES (4.7 504.8) % A sk pg R0,

AH =1.3(Av)"? (4.7)

AH = [1.92[(Av) — 40]}"" (4.8)

HAE Ao B0 R em™, SAREERE AH B4 K kd/mole. 24 Av /T 100 cm™?
B 4.7 REH, Y Av KT 100 cm™ i 4.8 X¥E A&, HIETELE R, HDO Wi
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SV KAE 2R R B 1 28— 7 J BT 7 Bl N i 7 e S 7'

1 DHO W Jf A L A Bl S B F i Aeb 58 AT 3 0 4331 10meV(81em™ ) 17meV
(137cm™). HDO WL R D (& s By 122meV; DHO WRB BT H (1]
SHEBERE Y 142meV . ZiH 5 45 R 8 DHO b HDO B nfee « (H2 L Bl 52
HE TSR RAAT B (R S5 00 BL I RS, X R AR R B AT 5, R
JE A% 8 RN R 3R A RS e 2

SEBRAE G BT R TR A% B AN R IR Z08; LA S HDO Al DHO 431
WRIEA T8, SEMRAERINH RIS BT 28 rPLR
JHAZ S5 R RO AT I ABA T3 (0 A3 A8 Bl AN B Dl 1 SR B 0 T SR R e 21 1)
PRI, AR A2 BEIZ bR FR VR IR Bt 2 b3t — 25 R F 0 7 a5 0 B A2 A )
ST HIIERA (PACMD) kil S HARS M . £ PACMD B, O
55 R AR Ry FC AR TR AR & o X o0 B PR FBE 1 D IEK R B0 A T {8 B vt A g v
LA B4R B AR o

2 4-7 PACMD FE4U45 211 A i1 HDO IS AL 8422 TH R B 9 524 HDO 1 DHO 4311
PRENIHAE . HDO # OD 7E |, DHO " OH k. HE4IR AN 100K, FRAEFR /> S% 32,

H T HDO DHO

R4 PACMD X H B HDO 735 HIR AT LA1F £ OH 1 OD JE R IR S5
4324 3721 cm™ F1 2779 cm'l. HDO WETH, OD 53 T i B i 55 A Bt 3 1 1
iR 114 cm™; DHO WRHTIS, OH 15 3 T 12 1 ) 55 Sl Bt plk ) o S0 5y 34
em™e MRHEAI 4.7 4.8 4 BT LAHHEAS B SALIIR T Y OD SR IK AL
N 124 meV, i OH S HIBERE N 79 meV. Xl WiET D KRS 2 T
T H R

ZE R UL T HDO & &, OH # 5 B XX By =8 1T OD 23 58 2 1 H A
FEERMEMIAD R TR RER . XPERSIR IR R TR A R PIE
TR 235, PR AT AE FAh A 225 PO SR AN St AR ek £ 77 A A IR ) i DR J 1A%
2808 o AR AT AATTR TSR 2 v B A RS M B, AKOR S AG
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X gy SR R P A7 A/E 1) Ubbelohde R, /2 i D [FIAL R & e insg
A 202 TR T R AR B, BARE E 2 D IR B B A
SR OH T A2 2 OH. SEIRHT T4l STM K IETS JRahiE il & A
ZFENLRBN  IETS HRBNHE 800 & RS RS ff (43 21 % Rk B 207 B4R S %
AT 38 I AL 0 M 45 BB B RE » 15645 AT TR] DAAE 5901 )= T A XM R o7
EViIve

4.6.2 7K i T RAA I 3R

K3 10 DU 35 P A 2 T B SE FO W M A 367 DU SR L o
ARG F RS, AT kA A HE ) R ED AR, 433 B OH (3 OD)
TR (o, ). AREEET OH (2% OD) MHAHHREN (v, ) LLEMBIMR (o).
B 1 DA D RE AR 202 1 77 7 OSRE AL A, 201 008 28 1 2% DU SR i
A (% 4-8).

* 4-8 DO WIRKBIRIIRANENX . =470 B2 M4 Ikal Cog ) BN OD (H4ak

) (0y) UEBIHR (u,) MAIIHER.

Mode 1 Mode 2 Mode 3 Mode 4 Average

v, (MeV) 339 339 338 337 338
v, (meV) 306 303 301 297 302
v, (MeV) 148 148 147 146 147

Hrbo, Mo, KBRS RS, HEms) 1meVv BWEAREZ). HHIR3
P AABREGE T A TR E O MR 1o, R BIE 8% ERE
Wi 4dRal, Fra BARERIME, BRI B RAE 10meV 4. o, KITTA
PRENIELI T8 Coy XFRRE T A DU ARMRFAL R R BT B3R B0 (18] 4-15).

89



SV KAE 2R R B 1 28— 7 J BT 7 Bl N i 7 e S 7'

“‘OTM “ﬂwd' 9 <@ ‘“Ol:d'
i lo i lo i ' . lo

ST e &C ¢ 6T ¢ 87 ¢

K 4-24 KD SRR 0, IR DY Fh 71

AN K I DU SR 4K 1% 2t HDO 43T IR B iy, I8 R4 b4 ot Rl 2
B0 0 A m] LHEDU DY D 7o s i) TAE SRR b, A H R IR R
BHEM OH #. XF A EUT D0 4 FHBENE S, LIRS
U 4-10 Fios.

* 4-9 HDO PURMABIEINIRAENX . =170 RMFIRE) (v ). AT OH (5]

OD) fi4ekzh (v, ) UULBIUIRE Cop ) HsrE.

Mode 1 Mode 2 Mode 3 Mode 4 Average

vy (MeV) 466 465 464 461 464
v, (MeV) 308 304 301 298 303
v, (MeV) 174 173 173 172 173

47 AENEELE

AT FZHE TR FACBRI RN . Bl AR PO, FFAEE
Fehli 2 b b 1 IX [ R T R R AR T RN AN E GBS T K
B AE S AT IR T 14 LT IR B A5 4 o AAZ2I PR 405 R A TR PR A S i B —
BT STM AR HL o JEIL XA AR AL, A8 2 B br B seBL 1 x A
KT R RUE R AR, AT SEIE 137312 7K 51 iR . BiF s K L
R 2 RS R 1) DU SRR [ A, AR DU SR A P A B e vl LLad I 7k
I T MR B — OB I 4R VKR o BRUIEZ A1, 3K W Y SRR 14 7K ] 7 A 3
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T, I HIX PR 2 2 1) n] DL I 75 -4 B (10 57 Bl (7] 5 Fig 2 i R AT
FEAL o W FUIE S L3 1o W PR S 3 6 BB T Al B A AR T DA s b o o i A
AT SEBT DU SR AR T AT 4% . SEAE AR i AR XM A P A O AN o L it
BHQEEN B 1 B WOR BRI A 7 2K 152 R A S A U A 2 s P W PR i 5 T
RIS AR ELAE SRR RJFAEILIRR 1 R K701 K 3 45 H R4k 2h
LR 2R ONE, JEIE BEAR ARGy 0 530 0 A A AR S A S o SRR 1 H el
BT RN 2B HDO 735 B 45 K R R ko
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BHE BRYKE N ZIRKEE LR R T1%

A EAE SRR R AR 0 T3 15 (PIMD) BIEFE AR /K AN i 44
ORAE HH P AR SRR o S5 A% 0 1 ORI 5 NAEAFHE A s 7K A 52 BR /K B 1 ok
TR AT 5 22 FEAS A TE 3 225 B2 o AR RS 7K 8 711) 2 A A2 PR A B T i
MR, e R KEE B R R A A A . )RR
TR TRV LG 2 BRKEE B BB 23R R, BEamEZ Ky L,
FHAE 22 FICIRES Z ) AN AL, o BIF 503 B APAN A R ik B 2CBE AN 2 Zundel
RAWEAS Eigen IRE o AT BT GIEN 1 I AX I &7 RS0 T iR 25 R
SV B2 R, I ELARRE T T SR E 2 BRAUK S 1 AR i A i@ B e ik
BSR4 KBTI AR

51 315

BNV B A EAR R B AT e B, e T DR —Fhisi K
AL AR 2 BB, BRGAKAE AR AT LA A RS2 BRIABE R
IS FAR R A AR R, S IRAR 3R N BB AR SR AR 2 B AR AR I R ) =
FR R TR ILER AN BR ALK T, /K517l LA DL AU E T i — 2% —
Y fEEP, B, Brewer A Dellago 45 \ilid 3 T 2 A4 M8 (multistate
empirical valence bond ) (MS-EVB)HI 7078 1 BRANKAE o (5 144 500,
AT BB AN KA F ) o A Al B2 R R, R 2 RS /K P A g 2 1) 40 Ao
SIS b AR T 2B 32 BRI DR BT AR S I B, A 52 BRASE P 488 i 15 oAt
BT (R A e R Lt e O BRYKAE —FhBK AR, B2 IR EEAS R
AR IK P ) = 4E S R 4% o 7K P BT s i AR A B T AR R A
B X 2 1) ER AL AT 51 B e A% o SR AT A i 2 B I ER A A D 2 e 22 A 5 T
Pt 33 22 RN TR BRI o J5 2K B8 22 BRI 90 AR SO T 1A 3% b 32 B e
bR RV T 2 PR S S S B RS B, Cao 25\ GE T MS-EVB ik
PEHBRANKE Hh 1)5Z BRKBE BT IR N Zundel (HsO,0) TiiEEF£ Gt il v it Eigen
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SEILE BRYIRE N SZRROKEE LT R Bl N L T W S S VAT

(Hz0") B, FFH MR Zundel-Zundel (3 72 i A2
Eigen-Zundel-Eigen &3, AT X Al i 2 5 SUR T B n b,

R AR AR R AW R B E SR TR AN B T e sh I R . AR
BT B 7 ERG 0 ) FEL T S5 A TV OR IR, S MR 1% BT RN o S 3
ST T R B R T AR A R, Marx S A 5 SR R AR AR
535 T BN )1 SRR R K R AR T RGERIRF O, b ATTR 4h FER B
FEARZS KA, SR I 245 1) SR AR 2t R TR S SO SR i A . A EE Tk, R
TARSIREZETT 0 7 A L2 1 A2 R PRI o 28— PRI BRER AR 70 70 T3 /)
AT TR RS T S T AR AR 0 0 1B 05, B RERES RAIEXS
JR ¥ TR AH ELAE FH B AER R IR, SRERHIR AN S R B 1 RO % L8R . N 15
UETE 52 PRK HR B (AR 2 75 R A S K i — 85, AT R 45 — 1k SR B R AR
G303 T B 1R RGN AR s SR 1 32 BR K BEREAT T 0E A I HAE R TH ST
TRAAE T SR K R B R T S R AT BB H P

5.2 {RKH IR F5

BB R A K R T R . 58 X 6 I A R A R TR I R
BKR, & NIRF BRI AN R T2 A EE B 2. 246 9 0 IIRHR, ZURT R
TR A SRR T4 ZHORAS, 24 8 ZAaRHE LB R R %, ZURF R BT Hrh
AT 52O R R, A 6 4 RN SR T
7 SCA R BRI O T B IR 7070, R AELE — AN BRI T 1 s K 1 2o o
ATt — A R = A EUR T AR T O,

VR T30 )12 R S 2 TR T MS-EVB 1143 T-3) )y 2067 226:227)
IV — S5 B0 T30 32 1 5 L — 52280 o7 2SR D g 2 S R 1 R T P e o
DA, TE TR S R FIBRER () 5-la-c), ELE|—ANAnd MR ALK 5
FHEE PO AR T 5 2 G XA B KR T AT R — R A
R T8 (B 5-1d). RAE—UUR TR, U BB AR 7 VS 6 5 2
R TR AR S B AR F b (B 5-le-D). BN A R ik
AT 2 A 0 ) o U I 2 A O ELE e S B T — M Az 1
KA TR,
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Bl N i e S A7 5.2 PREK P BT ARd

a b g a1«
« y (- »
‘f“'@” el ‘OSQ‘;°9“
d / e | |
- Mg o s
A . @ Ko’ 9.0

5-1 55— VIR BLERARA 70 70 78l 1 A AU K A 57 A R R RS L PR IS S o A
FLRRI A 2 AR A JoE T R B, HL A o Sl B PRI PR 8 2 I3 AR BR 5« 2L BR A S 1
FABGRER T, LA bRC e (O, BRI Fibr sk, b s BB T 1
EhR N O, SEMELR AR, (a-c) JRIR 1 iR R 178 LS8R BBl =208 | D)k
e, ERAERES O° LA EGR 4. A (o) B (d) O°IIECAIEN 4 48 3, [ W&
SRR TR IR R . BRI BRI T a6 Bl e i T O AR T OT AR B D) e

N TSI I B TR B R, BTSSR R R R R B T AE
BN 6 MRy, (R AIMER AT REL Po RS 7130 Jy 2t 4 Rk vy

DLV FBERRE OF FUREA ML N (BB T 3.2 BEGAIARSUR THO . T 2a LS « Ry,

P Ry =4EArH5, FFHKE N AE A NS =4 K . W 2a fTLAEHY 5 4
SHE ELBR % N BT 4, 248 RN EAZE N BRI/ . 5
SRR~ ) e B XA VR 408 = e e I 8 o o — /USRI L P B R A TR i
A 2 HR I — /MRS 1 USR5 3 B 0 A P TE 6 46T 0 A B HH L — MK
PRI A S B IR 2B B — A4 &2 AR UL SRR I K HR 1Y
FAEIRZ A Eigen (HoO4") TMASE Zundel (HsQ,") 125272212290 | = g i °F g
T2 T8 A S N i R UR T
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SEILE BRYIRE N SZRROKEE LT R Bl N L T W S S VAT

137 p(107) MD, bulk BP(104) PIMD, bulk

& 5-2 BCHIRIR T HIMRBEE & M1 Ry M504, BUEH FArid O° M4 N. (ab)

357 MD Fl PIMD LR ARZS /K, 290 /b2 O Y, BCAZEL N A 4 J/h3) 3.5,

IR ZE &R TR E TN (K] 5-2b), RIXAZERSMES ETF
MR B AR ML, MRy — MG, X ISR 1 0T A L B2 AE
AN L X EERBONR T IE SRR VR TR RN 2. T2
1SRRI R T RN U T AR RS %2 Zundel. 53— U5, TEigE R
R SR T RL IR TN, B B o A AR — B X U] R BB
Pt dh 22T AR T OSBRI 1) Py U Bt o % F Ay i
FEFHFAZBIR KBTI o

5.3 ZFRK#E_ERIE T 5

5.3.1 K& R R FEREE

[FIRE R THEAS 2 T BRGIKE A 32 BRZKZE MD AT PIMD A4 1 J53 ¥ 4347 A T Ao
Hor . SUESAKAALL, MD BB J5 7 7547 78 U8 O AR A TR R
WIR, R H A 2 B AR /KR /N PIMD B ZA H 54K
AR TEH 22 1 . SEBr b I BU B A A& /KR 52 BROK B L1 1A% %6, GiR/2 MD
JE 2 PIMD 52 K 14 DX 531 #4842 BCAE 28023 AT 1 DXl 2 1 D48 PR T AEARZS K
I 24 1) B S R TR R 1 R 34 2 S BBl 7, BTRA O Ar R A BB o & 4
SHE PR/ PRSI 4 BEBMRECAL ) 3.5, M ARIE 1 e A 252 5 1 i A )
Yo MRS IR/KEE I, SRS ERE—4e0 A0, R T EmdET A S HER
BT S 4G, UOEBER T RO IR 4 OREF 2.

96



Bl N i e S A7 5.3 ZMRKEE TR

20 p(107) PIMD, CNT

o4 02 52A)
K] 5-3 FIHERI T M IR ABER O A1 Ry 404, U T-Hric O° LI N.

(a,b) 73572 MD A1 PIMD MR A 52 FRA/KEE LR T4t R . Fof 3a 28y
2, BT EASATDBNITHAIZ K.

M523 A AT LU H 32 BROKBE BRI B2 5 B R T T RN R
MEH2ZNFER RN T D EH2NEEEE. 87T ERENERE A,
R AT [ AR AR 2019 s BT (1051 20 A o A9 A2 R 26 B ST s DL R AT B
I 51 g A N B R SRR T S B B R BEH 2R . ANE L8 IR A% BT
BN (MDD, 32 BRKEE ERIBR T A2 1935 22K 2009 2 meV, 5 Z i SClk P F 4
S, 2 R AL R RN, XA AR . S A 8. 16 32
I, HBCH HBS L, TSR A RIFIIEL.

1 T 1 1 T
P ‘ — MD
. =— = PIMD (8 beas)
« = « = PIMD (16 beads) 7
= = « PIMD (32 beads)
.

] 5-4 MD A1 PIMD Kb SEAR KR N 8 IR 1 RS 2k, & fose SR . F efsit
FH AF(S) = —k T In(P[S]), P[] A9M 5311

97



SEILE BRYIRE N SZRROKEE LT R Bl N L T W S S VAT

5.3.2 SZPRAKH BYR T oRFEIRES

AFE[] PIMD FRAUE ] T 32 AN mORIIR — AN o X T 32 AN s P A
RSP M AP IR, R PR LSRR R R T, SRR
AT R AT B RO 0 81— A gl R A 3 o SR i R R A 1 DL (Y
5-5),

a) . 2111; _
NOS N
I ; ~L,‘°. e ¥ it b o |
Ak @ @< e A
€
L =,
b)T T e,
& {
" SO LY R oe;, e’ -
v v v
o ¢ o
W C) &
&
y YO e ‘w -t a\f} ej\u |
P; Oq!v @
@ w

& » » Y » % &

5-5 PIMD BADBRANKE 32 B K BE b (057 A% il 7 o A = A IR I 20 P R I 4544
a /R T HsO AL b J/R T H/O5"s ¢ TRTFIE R A ftE 2 A . iR
LR T, SHERKRBIERE T A PIMD AR 32 N5 55, T 32 A1 8
72 8] 73l H U AU T R R BT, AT 32 AN ORI PR 5 A 3] N 18 2 [R] — I L

FLAn7E R 5-5a AR Z1, Hr S AT EAR SR R A SR 7 B, i R R R T
YU 73 AT AE 3K PR SR R TR L o IR B0 R AT A EIZ NI 2044 2 e s 47
FETEAJE HsO,' o FHANE 5-5b i, v 20 A 22 JREAE — NS, T3

98



Bl N i e S A7 5.3 ZMRKEE TR

SR A WIAEAR BRI AN, XIS B R SR F T 2K AT LA 2 H7O5 X Fh Eigen JE 2.
FEREA R RE b, TR IR 1 b T 0 2 ) b P AR IR A RS, BEZ
I A 5T 1 B A SE N ARSI, — o e AifE 3 ) 4 A B (K 5-5c). XA
AE SR 73 A1 32 FRYE T T AL 8T RN

N TR TE 2 B K EE BB 7B AR, ASSOR A 49 s o 0 A
bR — RS ST (B 5-6). & SURIEIRBR T FTfE SR 6 e, O I
F—AERE ERTRLE XS, o BENTHA LA ZES,| —|6,| 1EAX 53 Eigen 1
Zundel )25 MIXAME LRI AR BRI 4544 Zundel, < 2 A Eigen 4514
NAE AN FIWhRHE AS 2|8, —|6,| KT ERERA Zundel, RZidxH
Eigen. T & AT LAH5 HE Zundel FIBEZ B AS HI7B 0T 26 . Zundel A2 BEA AS
JUTF SRR, XU AR — MR AF HIWr bR #ER [X 43 Eigen #11 Zundel,
5 Uk B B AR AE T AN Eigen A1 Zundel AR —Fh, 1 /& —FhiE 4284k,
Ry paE T

a) Ir
< 0.8
~ 0.6
— 047
«w 0.2
0 7,000 8,000 9,000
MD ste
b) : I N —
@ . OFf = evib) |
@ T @~ A 0.6F ]
- - 0.4_- a
01 = Rosu» — Rorne 0.2r =

02 = Ropye — Rore 02 04 0.6
AS (A)

[ 56 a |5,]— || BB HIMEAL . S MEHE AT 45K Zundel,

2K Eigen 4584, b S22 8L H,05 45 F . (c) Zundel IMEZ s34l Zundel 3
i AO AL

99



SEILE BRYIRE N SZRROKEE LT R Bl N L T W S S VAT

5.4 ME KT ER BRI R BAE

PRAS KSR, AR 82 AKA TAMM AR FIOE R, B
0.87 SRIMIIE 7. £ ZFK I8 R RA R R 3R T K I3

SROKITEBALRIEEON (6x6) , N 41 BINBIKE . WEHT
BRI, KT 14.8 SR (AR ANK A TR M b R M OO KR, 9 FL7E e
AT BN AN T o 25T (R 2 2 e L SO
ST AN B A 2 1] V27 2 — BB (M T . oA T SR 5 SR T
bk, ASCEIT R 8 MK T — FoKBEE TR BB N 19.7
B 8 4 TR MBS BB 6 5 TRIEMAKEE R, [5,|- |6, #RA L 17

0 F 1 Z [8)38 4k, Jit TR A —FE L I IE 3, BEA 52 Zundel thANE Eigen.

0.8 T T J T T T
=06 a |— 6 molecules chain|
o U .
72“0.4
“f I\ M |

0 il | |

08 9000 10000 11000
Q 0- | | | |—I 8 mollecules clllam|
0.4 “

S0, 2 ‘ ' m ’
0 mn HH ﬂn m HIM'M““

2800 3200 3600 4000 4400 4800 5200
MD step

5-7 |8, | |6 | BRI 1] 035k a A 6 4r T-KBERIKEE: b 9 8 4 T BERIK
.

BRARFRIN 20 T30 J1 B SR JE T VASP [ a5 it s, 3
KA PAW MR PBE %5 97 bR J R AR f 25 W 43 Y. i B sk B
74 500 FELFARAE o 3% BURBEADLIT A rh 1) Bl AL IR N &85 1) SR AR S B BT HSRAE X 24
P uE 5 (B 5-8) o I SEo el (B 5-8a)  fHIZF (A% A (&
5-8b) HAT R ISIE . PBE %12 bR 15 % FE 4 /& 1E 1) vdw-DFM0-10

100



Bl N i e S A7 5.4 B R 07 1 BRI FEBGE

JUFE—3, 5 HSEPYHI PBEO® i+ BAEAE — E 2200, (H 2 A o3 FE o I
e, ViAH PBE BEMS BRI 1 IR H 25/ 7

gz—a o © © @
L 1__ @ @ [0 encur-soev| ]
27 e © © A ENCUT-600eV | ]
oke . [x Excurmoev
1 2 3 4 5 6 7 8 9 10
_2Fb o © (m] |
> | |
‘?"1 o © O k-points (111)
— -points —
%] i o © o O k-points(224) | |
0L . . =
1 7 5 45 ¢ 7§90
Az_c 6 @ 8_
=4l e
= 1+ @ @ CI:l) vaw-DF |
UQJ X Q @ @ HSE-06
obe . . Dx eew | ]
1 2 3 4 5 6 7 8 9 10
snapshots

% 5-8 FEALIZ RSB (iR 5k, A FE B T E S HEE SRR a
NAFREERBI LR b AR A I LEES ¢ DUANIRIS R R I LA

BRARR Y 0 T B0 1 S R A 300K IR AT, TR H2 SR
Nose-Hoover 8 53501, B4R 15 S 80N 32, J8IE 2 /T IORT 7t TAE 48 W
SRAN SR S ULV L Pt b U BT RS A B B R O i i S Ik
BB I BRAIE T 43 T ) J1 2 R AR ARGy 437 3N 1 AR R (¥ 5% 5 T 4 1k (I
5-9) o A3 MD HIRERLS 2 B SCRR T HRERUE A S R 2, PIMD i
P &S A TEERZE, (BT MD 262 PIMD IR, I ] G156 28
7 2.5 AP LUE#SFE 2] 0.4 BLR, Ui 7R B BT & S At

101



SEILE BRYIRE N SZRROKEE LT R Bl N L T W S S VAT

1 T X T T T
— H' MD
0.8 — H' PIMD |
. = = CPMD (Dellago, et al.)
EVB (Dellago, etal.) ]

o035 1T 15 2 25
t (ps)
K 5-9 i FEFA) MD (BEZE) Al PIMD (£048) Rt a] [ Stk % . CPMD Al
EVB &5 814 H SCRk[56].

54 ABRNFESE

AEE AR T8 R R BB AR AR 01 B T S SRR T T ARSI
SZPRK R )54 A, IF BT BRI L 5 AR 2 B AT SRS TARAR L,
ARG IT T RIA R, IF H BRI R &1 RO R 5.
g, WIAURILH TR 7 IR T RN, TR B LR E S A2 RS B
Moo AEMRASIKAR, DR A S0 o X 2% 1) R SR R Ao AR B, T LA AR R
B EITC 22 H M I ANRE R K I B3 T T A R O 80 AR T AE 32 FROKBE B, BN
AAFAEA B S BB, 15T MAFAER RS 5522, T LUJs 5 R BLAE 2 R A 2
P BE AR o 3K A 52 IR S5 1A B R R 5 e L 1 o 5 52 PR
T8 P PROE AR S 2

73— J5 T PIMD (BRI B A 8 — A A IROK R T RN, e A
FEAR SRR, PA— PR SR 51 R BT S A A . IXRESARA RS AT
MMZ M —8r RN HO X Fh Eigen B . 7E & i — AN T 94K i 4
H(CHBu1l12)sH20 F AJF T 43 A1 (¥ X SR BRI T Hr05 IAEER, R A
RERER, SRABE — ik 2R BT (AR R A L VF BES B fL T BE BRI . |
JE - B AR U S5 BUS B 98k .

102



BAE EXEGERE

SREHARFHEZN TR, CUSMZFENEGAETBRA . W T
SOCEAH KM B 7T — B BERS (b2 B MRS [F 0
(TR o [ IR S B A T OB A O i A e R RCRFRR K — o ARSI
TSR ARG (AR SRR SZRAKEESE) o 7R AR R T
BN ARSI E R TR R R BT SRR AR AR 0 T Bl SR TR, SR
TR R R T SR AR SRR SR A AR AU S ST R A
F O HA BAT I BT AR O R 2R, DT L 8 g R I 0 MO 4 2R i
—DIRIEHER TS M HILE

A A (A UL AR SO S T R 1 22 A AT B ) X kgt AT T &R 4t
WHIt e ASCHYTHER S E P R S ARAS . WS ALIREE . VB AR RS W T S it
T2% , IHER Q2 Oy s IR BT F s — N B2 TR, S AATRER A
T 2S00 20 A AN B X 45K

AR —IRYSIE T Asheroft 28 AR H RIR & TS A AL, JF HIE
XA s 58 3 ) P9 AR AT <8 R VRS 7 3 A5 A A o OB E — 2B 0 i IR EE ) A
FEN SRR B T IRASE N D8 . Asheroft SHR ¥ FATET S T &P AAEH
M RE R TS, OSBRI SRR &R E%E, [RERSEER
AFAE O IX 28T 1) B W A A AE R N 1 54T J3 IR « AR 3C H AR 7SR
KR8 /2 1200GPa, £ 5 i 5o T H ATSARADAHETE, A8 26 B
R, AR AORE A2 2P AATTEAE I e T A <8 24 A2 SR A <6
JEBIAARE, B PR FORSSEE iy I R B B bl e P SRR AE =y IS R
HO I H A IR BE it 5 e 58 0 R SE IR IN Jm MR a5 o < A S i< S O AR Bk
AL RENE A 1o s DR 7 — ST B — 2D T SORBR A

MNATT T R S I A i B PR O SR e R R AR . A
IV &—MiRE T, AR &R R IR mAt, BRELL
FRIGMIE B WA IR X . R TR TR T IV g T

103



BANE B REY Bl N i 7 e S 7'

RIS R, 22 T TSR TR, A S B A m
ER DRI K. W TRAN IR, TR TR R EEN . JM
& B PEFARAEAT 2 AR REAE 20T I B, XA R AR R A LI AR R A —5E
(Rl A o 1R < S MEAR AR AN ZE R AR AR (10 9% A8 )RR S BRAE il S SR
FEUR AR T I G, SRR AR — AL, JF HAER — MR k4. il
v Tl A RO BT B AN R Wi S b 5ot T A AR T s R i AR AN LR, BT BL 2
H L2 2% Widom £k i Widom £k T AR E I 5 s AL B o ASCRGENIMERE 1
BRI b oG TAR AR I e, Bl i e e SEIRROR IR A R, R f (1 0
FAAR 73 FEANIG 5, IF ELAT FCARAZ R 2 0 B & 1 AR A A e TR D B T FE AN <
VBT FE R A H i L [ I 5 S SRS W R AR T B okt B IR T R A
RERYE. HATRITHS2 5T GGA MRS 1% LIz s BRI AN 0) 15 J7 A4l
BIRAC G W32 T IR TR T RS AN -S540 TR R ZE AR A, (E 2 Bk
AN BT NERE AR IR € Bl R 7 ZEROR  HE T 25 W 25 SR AR R 0 o T8 7
FEEIIRES AR k.

TE AN TR R T 7K R 5501 TR B 5 40 2 BLSL 450, T et s PR 7K e
KDY SR A P 7% o 3 S B L F) s 23 STM SIZB8 m] A SIZEIA BN 7K 731
HIIE AR, XA ER IR B T RA K T HUIE R R SE MR 2l (R
7K (14 G 2R P 5B T DA S IR I TE SR S 7 18 73 AT TR o I A
BT BRI AT DLIE S PR THEAT IETS B RAF A BT 78, [RIN4iR3h
A 2R T AR X6 [ 67 3R 5 45 1 70 S 70 7 o TR 2R 0ONE FR) 2 AN 2 A A
P TAs ), B STM BUIE R A REX 43

3 2 R R A% (0 BT RN A SO SR B T T RO B (R R
PRI PRBB R o S A0S R AR BB BT ) HDO VR & 701 9 D 2 i) 5 3% L&
JAIE RS EsE, M H B2 mfeadt OH B ko MR AL KA
G A T B ERER R . BAEIRIE STM 5258, AATTRT DARZE f oy ol 4%
SRR, T S 7 S MR R 10 R 7 80 S A% ) B R A 57 T ol AL 520

X T DY AR A e ) A e T 4, R LAGE S 7 A B ) o R R B 7 T A
A Al o WP ST B R TT DA NI A R A A B 42, AT N BRI A
BT RIS AR X R IE AT A TR R A FAE . FIR 2 AN 1A

104



Bl N i e S A7

SRR IR 2% b 1 BT W ) B 2 R R AR 2 S KRR S i R A R AR
A1 R S0 B AR WL IR SRR ST TR SR X 2% ) R [R] BE
TR, (HE B IR 2 0 S0 45 TAARE o IAE R LASI AR R T b S f 0
M PP RIS 2 AR, PRI AT LB PR N H B AR X R IR AR

BEAE 7K 7 TR IR FE R K, /K o3 32 3B Al o K VEAR 5 i) S B R T
TER —HEOK R G o 1K T 4R DKZ S50 2 LK DU SR 1R R A B g, i K
D THEANRER RSB R 4K E 2 SR SR UK, BRI T A4
)z, VYRR KA AEANR)Z o PR AT TR ZGEK 2 — T & 7S f 2548 1 HE —
dok)z, BFERZAESE LRMKZWE AN ML N T . BARMERERR
T HARIESS A S5 T UK T B, {EL 2 AR SCRFF 9 R LRI IE 75 T G5 M A B e T
FRIIVK IR S 58— K o 1A BT AR ST 7K (0 A A 45 it ik P2 P B AR o [
X PP EAL ] 2 S 2 Bjerrum-D BUGRFE I K. Bjerrum-D B4 Ei e A Z i VY 2R
PTG BT R UK 2 S50 0 5T 7 17 PN S8 BF 78 R IRAE X MUK 2 Hh o T2
TCIF o BRATITE R 0TI 1 R TG PP 2 R I 21 73— 1R VR B R0 i~ 1)
SR, 5RO AL SRR ARG

HI T TAI R OG 3R AR SCRB VLRI Bk 2 T F1 0 B D) 2% o 1 J3 A% Ao R gk A7
T HIRN, (FR A SO RS K FBRANKE N 32 B KB (0 A AT T
WHFG . R TARESAKP R FERRIE, AMICEVORLEIEE, EEX T %R
TKEE S A RIBATAE — e i, 383 3 — MR BR AR R0 20 7Bl D) A5, AR
WK AR A — M 2 RS B R . 2 IRKEE B, BUONARAE
SRR DR 255 (¥ LA, X B AR R RN 3 U O A 2 B R AR T AAESZ R
AR PRI E R S —J7 AR — P AR R B T RS 5, BRI 2
BRI, S PA— P AR A 10 5T 1 BB R T AP . AT ST 1 2Rl —
SERI AL TAE B4, E— 25 BRI TR — R SRR HR TR AR i R AR T K
e

A, I AR EIR AN AR R4 AT, ARG
WAL T AR R A% R RN B TR A CRBUFIK SRR 2% ) 5
FIREE A AAEAFE R GREAPURE W) KB, KSR T2 E T
BN A A AN F] R I NN FERE . ARSI FU R I IS AN JE AR RE T N 2

105



BANE B REY Bl N i 7 e S 7'

AN DU H — 2% a7 0 M o R A T T R R - H R 2D IR T
iR MR AR T RNV R R R, DU E TR T R R
2R B BT o A TARAE IR NATTX AT (1 S 36 45 R AN ER VR 19 5 B 1 )
I, gk — DO ANATHEX — 5 18] _E SR AT ST %

106



27 3CHR

[1] S. T. Weir, A. C. Mitchell and W. J. Nellis. Metallization of Fluid Molecular
Hydrogen at 140 GPa (1.4 Mbar). Phys. Rev. Lett. 1996, 76:1860.

[2] J. Nellis, S. T. Weir and A. C. Mitchell. Metallization and Electrical Conductivity
of Hydrogen in Jupiter. Science 1996, 273:936.

[3] H. K. Mao and R. J. Hemley. Ultrahigh-pressure transitions in solid hydrogen.
Rev. Mod. Phys. 1994, 66:671-692.

[4] U. Raviv, P. Laurat, and J. Klein. Fluidity of water confined to sub nanometer
films. Nature 2001, 413:51.

[5] D. Marx, M. E. Tuckerman, J. Hutter and M. Parrinello. The nature of the
hydrated excess proton in water. Nature 1999, 397:601.

[6] M. E. Tuckerman, D. Marx, and M. Parrinello. The nature and transport
mechanism of hydrated hydroxide ions in aqueous solution. Nature 2002, 417:925.

[7] Q. F. Zhang, G. Wahnstrdn, M. E. Bj&ketun, S. W. Gao and E. G. Wang. Path
integral treatment of proton transport processes in BaZrO3. Phys. Rev. Lett. 2008,
101:215902.

[8] J. A. Morrone and R. Car. Nuclear Quantum Effects in Water. Phys. Rev. Lett.
2008, 101:017801.

[9] M. Ceriotti et al. Nuclear quantum effects in ab initio dynamics: Theory and
experiments for lithium imide. Phys. Rev. B 2010, 82:174306.

[10] X. Z. Li, M. 1. J. Probert, A. Alavi and A. Michaelides. Quantum Nature of the
Proton in Water-Hydroxyl Overlayers on Metal Surfaces. Phys. Rev. Lett. 2010,
104:066102.

[11] X. Z. Li, B. Walker and A. Michaelides. Quantum nature of the hydrogen bond.
Proc. Natl. Acad. Sci. USA 2011, 108:63609.

[12] T. E. Markland and B. J. Berne. Unraveling quantum mechanical effects in water

107


http://www.pnas.org/cgi/doi/10.1073/pnas.1203365109

Z2% 3Lk Bl N L T W S S VAT

using isotopic fractionation. Proc. Natl. Acad. Sci. USA 2012, 109:7988-7991.

[13] X. Z. Li et al. Classical and quantum ordering of protons in cold solid hydrogen
under megabar pressures. J. Phys.: Condens. Matter 2013, 25:085402.

[14] M. Ceriotti, J. Cuny, M. Parrinello and D. E. Manolopoulos, Nuclear quantum
effects and hydrogen bond fluctuations in water. Proc. Natl. Acad. Sci. USA 2013,
110: 15591-15596.

[15] E. Wigner and H. B. Huntington. On the possibility of a metallic modification of
hydrogen. J. Chem. Phys. 1935, 3:764—770.

[16] S. Deemyad and I. F. Silvera. Melting line of hydrogen at high pressures. Phys.
Rev. Lett. 2008, 100:155701.

[17] N. W. Ashcroft. The hydrogen liquids. J. Phys.: Condens. Matter 2000, 12:A129.
[18] E. Babaev, A. Sudbo and N. W. Ashcroft. A superconductor to superfluid phase
transition in liquid metallic hydrogen. Nature 2004, 431:666—-668.

[19] P. Loubeyre, F. Occelli, and R. LeToullec. Optical studies of solid hydrogen to
320 GPa and evidence for black hydrogen. Nature 2002, 416:613-617.

[20] M. I. Eremets and I. A. Troyan. Conductive dense hydrogen. Nat. Mater. 2011,
10:927-931.

[21] C. S. Zha, Z. X. Liu and R. J. Hemley. Synchrotron infrared measurements of
dense hydrogen to 360 GPa. Phys. Rev. Lett. 2012, 108:146402.

[22] L. Dubrovinsky, N. Dubrovinskaia, V. B. Prakapenka and A. M. Abakumov.
Implementation of micro-ball nanodiamond anvils for high-pressure studies above 6
Mbar. Nat. Commun. 2012, 3:1163.

[23] R. T. Howie, C. L. Guillaume, T. Scheler, A. F. Goncharov and E. Gregoryanz.
Mixed molecular and atomic phase of dense hydrogen. Phys. Rev. Lett. 2012,
108:125501.

[24] A. F. Goncharov, R. J. Hemley and H. K. Mao. Vibron frequencies of solid H-2
and D-2 to 200 GPa and implications for the P-T phase diagram. J. Phys. Chem. 2011,
134:174501.

[25] I. Silvera. The insulator-metal transition in hydrogen. Proc. Natl. Acad. Sci. USA

2010, 107:12743.
108



Bl N i e S A7 2 3k

[26] P. Loubeyre, R. LeToullec, D. Hausermann, M. Hanfland, R. J.Hemley, H. K.
Mao, and L. W. Finger. X-ray diffraction and equation of state of hydrogen at
megabar pressures. Nature 1996, 383:702.

[27] Y. Akahama, M. Nishimura, H. Kawamura, N. Hirao, Y. Ohishi, and K.
Takemura. Evidence from x-ray diffraction of orientational ordering in phase Il of
solid hydrogen at pressures up to 183 GPa. Phys. Rev. B 2010, 82:060101.

[28] A. F. Goncharov, E. Gregoryanz, R. J. Hemley, and H. K. Mao. Spectroscopic
studies of the vibrational and electronic properties of solid hydrogen to 285 GPa. Proc.
Natl. Acad. Sci. USA 2001,98:14234.

[29] P. Loubeyre, F. Occelli, and R. LeToullec. Optical studies of solid hydrogen to
320 GPa and evidence for black hydrogen. Nature 2002, 416:613.

[30] M. Hanfland, R. J. Hemley, and H. K. Mao. Novel infrared vibron absorption in
solid hydrogen at megabar pressures. Phys. Rev. Lett. 1993, 70:3760.

[31] R. T. Howie, T. Scheler, C. L. Guillaume, and E. Gregoryanz. Proton tunneling
in phase IV of hydrogen and deuterium. Phys. Rev. B 2012, 86:214104.

[32] C. S. Zha et al. High-Pressure Measurements of Hydrogen Phase IV Using
Synchrotron Infrared Spectroscopy. Phys. Rev. Lett. 2013, 110:217402.

[33] C. J. Pickard, M. Martinez-Canales, and R. J. Needs. Density functional theory
study of phase IV of solid hydrogen. Phys. Rev. B 2012, 85:214114.

[34] H. Y. Liu, L. Zhu, W. W. Cui, and Y. M. Ma. Room-temperature structures of
solid hydrogen at high pressures. J. Chem. Phys. 2012, 137:074501.

[35] S. A. Bonev, E. Schwegler, T. Ogitsu and G. Galli. A quantum fluid of metallic
hydrogen suggested by first-principles calculations. Nature 2004, 431,669-672.

[36] P. Cudazzo, et al. Ab initio description of high-temperature superconductivity in
dense molecular hydrogen. Phys. Rev. Lett. 2008, 100:257001.

[37] J. M. McMahon, and D. M. Ceperley. High-temperature superconductivity in
atomic metallic hydrogen. Phys. Rev. B 2011, 84:144515.

[38] K. T. Delaney, C. Pierleoni, and D. M. Ceperley. Quantum Monte Carlo
Simulation of the High-Pressure Molecular-Atomic Crossover in Fluid Hydrogen.

Phys. Rev. Lett. 2006, 97:235702.
109


http://www.nature.com/nature/journal/v383/n6602/pdf/383702a0.pdf
http://www.nature.com/nature/journal/v383/n6602/pdf/383702a0.pdf

Z2% 3Lk Bl N L T W S S VAT

[39] M. A. Morales, C. Pierleoni, E. Schwegler, and D. M. Ceperley. Evidence for a
first-order liquid-liquid transition in high-pressure hydrogen from ab initio
simulations. Proc. Natl. Acad. Sci. U.S.A. 2010, 107:12799.

[40] M. A. Morales et al. Nuclear Quantum Effects and Nonlocal
Exchange-Correlation Functionals Applied to Liquid Hydrogen at High Pressure.
Phys. Rev. Lett. 2013, 110:065702.

[41] M. A. Henderson. The interaction of water with solid surfaces: fundamental
aspects revisited. Surf. Sci. Rep. 2002, 46:1-308.

[42] A. Hodgson and S. Hag. Water adsorption and the wetting of metal surfaces. Surf.
Sci. Rep. 2009, 64:381-451.

[43] P. J. Feibelman. Partial Dissociation of Water on Ru(0001). Science 2002,
295:99-102.

[44] S. Meng, L. F. Xu, E. G. Wang and S. Gao. Vibrational Recognition of
Hydrogen-Bonded Water Networks on a Metal Surface. Phys. Rev. Lett. 2002, 89:
176104.

[45] J. Carrasco, A. Hodgson and A. Michaelides. A molecular perspective of water at
metal interfaces. Nature Mater. 2012, 11:667-674.

[46] M. Nagasaka, H. Kondoh, K. Amemiya, T. Ohta and Y. lwasawa. Proton transfer
in a two-dimensional hydrogen-bonding network: Water and hydroxyl on a Pt(111)
surface. Phys. Rev. Lett. 2008,100:106101.

[47] T. Kumagai, H. Okuyama, S. Hatta, T. Aruga and |. Hamada. H-atom relay
reactions in real space. Nature Mater. 2012, 11:167-172.

[48] A. Michaelides and K. Morgenstern. Ice nanoclusters at hydrophobic metal
surfaces. Nature Mater. 2007, 6:597.

[49] J. Repp, G. Meyer, S. M. Stojkovi¢, A. Gourdon and C. Joachim. Molecules on
insulating films: Scanning-tunneling microscopy imaging of individual molecular
orbitals. Phys. Rev. Lett. 2005, 94:026803.

[50] R. Bianco and J. T. Hynes. Heterogeneous Reactions Important in Atmospheric
Ozone Depletion: A Theoretical Perspective. Acc. Chem. Res. 2006, 39:159.

[51] T. Kumagai et al. Direct Observation of Hydrogen-Bond Exchange within a
110


http://epub.uni-regensburg.de/24925/1/repp.pdf
http://epub.uni-regensburg.de/24925/1/repp.pdf
http://epub.uni-regensburg.de/24925/1/repp.pdf

Bl N i e S A7 2 3k

SingleWater Dimer. Phys. Rev. Lett. 2008, 100:166101.

[52] J. Rossmeisl, Z, W. Qu, H. Zhu, G. J. Kroes and J. Norskov. Electrolysis of water
on oxide surfaces. 2007, 607:83.

[53] V. B. He, A. Tilloca, O. Dulub, D. Selloni and U. Diebold. Local ordering and
electronic signatures of submonolayer water on anatase TiO2(101). Nature Materials
2009, 8:585.

[54] L. R. Merte et al. Water-Mediated Proton Hopping on an Iron Oxide Surface.
Science 2012, 336:889.

[55] Z. Cao, Y. X. Peng, T. Y. Yan, S. Li, A. L. Li and G. A. Voth. Mechanism of
Fast Proton Transport along One-Dimensional Water Chains Confined in Carbon
Nanotubes. J. Am. Chem. Soc. 2010, 132:11395-11397.

[56] C. Dellago, M. M. Naor and G. Hummer. Proton Transport through Water-Filled
Carbon Nanotubes. Phys. Rev. Lett. 2003, 90:105902.

[57] D. Umeyama, S. Horike, M. Inukai, Y. Hijikata and S. Kitagawa. Confinement of
Mobile Histamine in Coordination Nanochannels for Fast Proton Transfer. Angew.
Chem., Int. Ed. 2011, 50:11706-11709.

[58] E. S. Snow, F. K. Perkins, E. J. Houser, S. C. Badescu and T. L. Reinecke.
Chemical Detection with a Single-Walled Carbon Nanotube Capacitor. Science 2005,
307:1942-1945.

[59] R. H. Baughman, A. A. Zakhidov and W. A. de Heer. Carbon Nanotubes--the
Route Toward Applications. Science 2002, 297:787-792.

[60] M. L. Brewer, U. W. Schmitt and G. A. Voth. The formation and dynamics of
proton wires in channel environments. Biophys. J. 2001, 80:1691-1702.

[61] H. S. Mei, M. E. Tuckerman, D. E. Sagnella and M. L. Klein. Quantum
Nuclear ab Initio Molecular Dynamics Study of Water Wires. J. Phys. Chem. B 1998,
102:10446-10458.

[62] S. Cukierman. Proton mobilities in water and in different stereoisomers of
covalently linked gramicidin A channels. Biophys. J. 2000, 78:1825-1834.

[63] H. Li, H. Chen, C. Steinbronn, B. Wu, E. Beitz, T. Zeuthen and G. A. Voth.

Enhancement of Proton Conductance by Mutations of the Selectivity Filter of
111


http://www.sciencedirect.com/science/article/pii/S0022283611000659

Z2% 3Lk Bl N L T W S S VAT

Aquaporin-1. J. Mol. Biol. 2011, 407:607-620.

[64] M. O. Jensen, U. Rothlisberger and C. Rovira. Hydroxide and Proton Migration
in Aquaporins. Biophys. J. 2005, 89:1744-1759.

[65] M. L. Hoarfrost, M. S. Tyagi, R. A. Segalman and J. A. Reimer. Effect of
Confinement on Proton Transport Mechanisms in Block Copolymer/lonic Liquid
Membranes. Macromolecules. 2012, 45:3112-3120.

[66] S. Bureekaew, S. Horike, M. Higuchi, M. Mizuno, T. Kawamura, D. Tanaka, N.
Yanai and S. Kitagawa. One-dimensional imidazole aggregate in aluminium porous
coordination polymers with high proton conductivity. Nature Materials 2009,
8:831-836.

[67] G. A. Voth. Computer Simulation of Proton Solvation and Transport in Aqueous
and Biomolecular Systems. Acc. Chem. Res. 2006, 39:143-150.

[68] R. Pomes and B. Roux. Structure and dynamics of a proton wire: a theoretical
study of H" translocation along the single-file water chain in the gramicidin A channel.
Biophys. J. 1996, 71:19-39.

[69] B. Roux and M. Karplus. lon Transport in a Gramicidin-like Channel: Dynamics
and Mobility. J. Phys. Chem. 1991, 95:4856-4868.

[70] J. Koefinger, G. Hummer and C. Dellago. Single-file water in nanopores. Phys.
Chem. Chem. Phys. 2011, 13:15403-15417.

[71] H. Y. Liu and Y. M. Ma. Proton or Deuteron Transfer in Phase IV of Solid
Hydrogen and Deuterium. Phys. Rev. Lett. 2013, 110:025903 (2013).

[72] A. F. Goncharov et al. Bonding, structures, and band gap closure of hydrogen at
high pressures. Phys. Rev. B 2013, 87:024101.

[73] I. B. Magdau. G. J. Ackland Identification of high-pressure phases Ill and 1V in
hydrogen: Simulating Raman spectra using molecular dynamics. Phys. Rev. B 2013,
87:174110.

[74] M. E. Tuckerman, D. Marx, M. L. Klein and M. Parrinello. On the quantum
nature of the shared proton in hydrogen bonds. Science 1997, 275:817.

[75] G. Reiter et al. The proton momentum distribution in water and ice. Braz. J. Phys.

2004, 34:142.
112


http://publish.aps.org/search/field/author/Ioan%20B.%20Magd%C4%83u
http://publish.aps.org/search/field/author/Graeme%20J.%20Ackland

Bl N i e S A7 2 3k

[76] E. R. M. Davidson, A. Alavi and A. Michaelides. Dynamics of quantum
tunneling: Effects on the rate and transition path of OH on Cu(110). Phys. Rev. B
2010, 81:153410.

[77] V. A. Ranea, A. Michaelides, R. Ram ez, P. L. de Andres, J. A. Verges, and D.
A. King. Water Dimer Diffusion on Pd{111} Assisted by an H-Bond Donor-Acceptor
Tunneling Exchange. Phys. Rev. Lett. 2004, 92:136104.

[78] Z. J. Ding, Y. Jiao, and S. Meng. Quantum simulation of molecular interaction
and dynamics at surfaces. Front. Physics 2011, 6:294.

[79] V. Fock. Nherungs methoden zur Lsung des Quantenme chanischen Mehrkrper
problems. Z. Phys. 1930, 61:209.

[80] W. Kohn. Nobel Lecture: Electronic structure of matter—wave functions and
density functionals. Rev. Mod. Phys. 1999, 71:1253.

[81] L. H. Thomas. The calculation of atomic fields. Proc. Camb. Phil. Soc. 1927,
23:542.

[82] E. Fermi. Un Metodo Statistico per la Determinazione di alcune Prioprieta
dell'’Atomo. Rend. Accad. Naz. Lincei 1927, 6:602.

[83] P. Hohenberg and W. Kohn. Inhomogeneous electron gas. Phys. Rev. 1964,
136:B864.

[84] W. Kohn and L. J. Sham. Self-consistent equations including exchange and
correlation effects. Phys. Rev. 1965, 140:A1133.

[85] D. M. Ceperley and B. L. Alder. Ground state of the electron gas by a stochastic
method. Phys. Rev. Lett. 1980, 45:566.

[86] T. P. Perdew and A. Zunger. Self-interaction correction to density-functional
approximations for many-electron systems. Phys. Rev. B 1981, 23:5048.

[87] D. C. Langreth and J. P. Perdew. Theory of nonuniform electronic systems. I.
Analysis of the gradient approximation and a generalization that works. Phys. Rev. B
1980, 21:5469.

[88] A. D. Becke. Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys. Rev. A 1988, 38:3098.

[89] J. P. Perdew and Y. Wang. Accurate and simple analytic representation of the
113


http://babel.hathitrust.org/cgi/pt?seq=339&view=image&size=100&id=mdp.39015001321200&u=1&num=278
http://babel.hathitrust.org/cgi/pt?seq=339&view=image&size=100&id=mdp.39015001321200&u=1&num=278

Z2% 3Lk Bl N L T W S S VAT

electron-gas correlation energy. Phys. Rev. B 1992, 45:13244.

[90] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J.
Singh, and C. Foilhais. Atoms, molecules, solids, and surfaces: Applications of the
generalized gradient approximation for exchange and correlation. Phys. Rev. B 1992,
46:6671.

[91] J. P. Perdew, K. Burke and M. Ernzerhof. Generalized gradient approximation
made simple. Phys. Rev. Lett. 1996, 77:3865.

[92] C. Lee, W. Yang, and R. C. Parr. Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density. Phys. Rev. B 1988,
37:785.

[93] V. Adamo and V. Barone. Toward reliable density functional methods without
adjustable parameters: The PBEO model. J. Chem. Phys. 1999, 110:6158.

[94] J. Heyd, G. E. Scuseria, and M. Ernzerhof, Hybrid functionals based on a
screened Coulomb potential. J. Chem. Phys. 2003, 118:8207.

[95] K. Kim and K. D. Jordan. Comparison of Density Functional and MP2
Calculations on the Water Monomer and Dimer.J. Phys. Chem. 1994, 98:
10089-10094.

[96] PJ. Stephens, F. J. Devlin, C. F. Chabalowski and M. J. Frisch. Ab
Initio Calculation of Vibrational Absorption and Circular Dichroism Spectra Using
Density Functional Force Fields. J. Phys. Chem. 1994, 98:11623-11627.

[97] X. Ren, P. Rinke, C. Joas, and M. Scheffler. Random-phase approximation and
its applications in computational chemistry and materials science. Mater. Sci. 2012,
47:21.

[98] X. Wu, M. C. Vargas, S. Nayak, V. Lotrich, and G. Scoles. Towards extending the
applicability of density functional theory to weakly bound systems. J. Chem. Phys.
2001, 115:8748.

[99] S. Grimme. Semiempirical GGA-type density functional constructed with a
long-range dispersion correction. J. Comp. Chem. 2006, 27:1787.

[100] J. Klimes, D. R. Bowler and A. Michaelides. Chemical Accuracy for the van

der Waals Density Functional. J. Phys.: Condens. Matter 2010, 22:022201.
114



Bl N i e S A7 2 3k

[101] J. Klimes, D. R. Bowler and A. Michaelides. Van der Waals density functionals
applied to solids. Phys. Rev. B 2011, 83:195131.

[102] M. Dion, H. Rydberg, E. Schroder, D. C. Langreth and B. I. Lundqvist. Van

der Waals density functional for general geometries. Phys. Rev. Lett. 2004,
92:246401.

[103] M. Dion, H. Rydberg, E. Schroder, D. C. Langreth and B. I. Lundqvist. Erratum:
Van der Waals density functional for general geometries. Phys. Rev. Lett. 2005,
95:109902.

[104] A. Tkatchenko and M.Scheffler., Accurate molecular van der Waals interactions
from ground-state electron density and free-atom reference data. Phys. Rev. Lett.
2009, 102:073005.

[105] M. D. Segall, P. J. D. Lindan, M. J. Probert, C. J. Pickard, P. J. Hasnip, S. J.
Clark and M. C. Payne, First-principles simulation: ideas, illustrations and the
CASTEP code. J. Phys.: Condens. Matter 2002, 14:2717.

[106] D. R. Hamann, M. Schliier and C. Chiang. Norm-conserving pseudopotentials.
Phys. Rev. Lett. 1979, 43:1494.

[107] D. R. Hamann. Generalized norm-conserving pseudopotentials. Phys. Rev. B
1989, 40:2980.

[108] L. Kleinman and D. M. Bylander. Efficacious form for model pseudopotentials.
Phys. Rev. Lett. 1982, 48:1425.

[109] N. Troullier and J. Martins. Efficient pseudopotentials for plane-wave
calculations. Phys. Rev. B 1991, 43:1993.

[110] D. Vanderbilt. Soft self-consistent pseudopotentials in a generalized eigenvalue
formalism. Phys. Rev. B 1990, 41:7892.

[111] P. E. Bl&hl. Projector augmented-wave method. Phys. Rev. B 1994, 50:17953.
[112] G. Kresse, and J. Joubert. From ultrasoft pseudopotentials to the projector
augmented wave method, Phys. Rev. B 1999, 59:1758.

[113] H. Hellmann. Einfthrung in die Quantenchemie. Leipzig: Franz Deuticke. 1937,
p. 285.

[114] R. P. Feynman. Forces in Molecules. Phys. Rev.1939, 56:340.
115


http://scholar.google.com/scholar?oi=bibs&hl=en&cluster=14222774267108128241&btnI=Lucky
http://scholar.google.com/scholar?oi=bibs&hl=en&cluster=14222774267108128241&btnI=Lucky

Z2% 3Lk Bl N L T W S S VAT

[115] CPMD, copyright IBM Corp. (1990-2006), copyright MPI fUr
Festkorperforschung Stuttgart (1997-2001).

[116] R. Car and M. Parrinello. Unified approach for molecular dynamics and
density-functional theory. Phys. Rev. Lett. 1985, 55:2471.

[117] H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, J. R. Haak.
Molecular-Dynamics with Coupling to an External Bath. Journal of Chemical Physics
1984, 81:3684-3690.

[118] G. Bussi, D. Donadio and M. Parrinello. Canonical sampling through velocity
rescaling. J. Chem. Phys. 2007, 126:014101.

[119] H. C. Andersen. Molecular dynamics simulations at constant pressure and/or
temperature. J. Chem. Phys. 1980, 72:2384-2393.

[120] M. P. Allen and D. J. Tildesley, Computer simulation of liquids, Oxford
university press: New York, 1991.

[121] M. Parrinello and A. Rahman. Crystal Structure and Pair Potentials: A
Molecular-Dynamics Study. Phys. Rev. Lett. 1980, 45:1196.

[122] A. Rahman and N. Parrinello. Polymorphic transitions in single crystals: A new
molecular dynamics method. J. Appl. Phys. 1981, 52:7182.

[123] S. Nose. A unified formulation of the constant temperature molecular-dynamics
methods. J. Chem. Phys. 1984, 81:511-519.

[124] W. G. Hoover. Canonical dynamics: Equilibrium phase space distributions. Phys.
Rev. A 1985, 31:1695-1697.

[125] G. J. Martyna, M. L. Klein and M. Tuckerman. Nose-Hoover chains: The
canonical ensemble via continuous dynamics. J. Chem. Phys. 1992, 97:2635.

[126] D. Frenkel and B. Smit, Understanding Molecular Simulation: From algorithms
to Applications, Elsevier Singapore 2009.

[127] A. Laio and M. Parrinello. Escaping free-energy minima. Proc. Natl. Acad. Sci.
USA 2002, 99:12562-12566.

[128] R. P. Feynman and A. R. Hibbs. Quantum mechanics and path integrals
(McGraw-Hill. New York, 1965).

[129] J. Cao and B. J. Berne. A Born—Oppenheimer approximation for path integrals
116



Bl N i e S A7 2 3k

with an application to electron solvation in polarizable fluids. J. Chem. Phys. 1993,
99:2902.

[130] D. Marx and M. Parrinello. Ab initio path integral molecular dynamics: Basic
ideas. J. Chem. Phys. 1996, 104:4077.

[131] H. Kleinert, Path Integrals in Quantum Mechanics, Statistics and Polymer
Physics (World Scientific, Singapore, 1990).

[132] M. E. Tuckerman, B. J. Berne, G. J. Martyna, and M. L. Klein. Efficient
molecular dynamics and hybrid Monte Carlo algorithms for path integrals. J. Chem.
Phys. 1992, 99: 2796.

[133] M. E. Tuckerman, D. Mark, M. L. Klein and M. Parrinello, Efficient and
general algorithms for path integral Car—Parrinello molecular dynamics. J. Chem.
Phys. 1996, 104:5579.

[134] J. Cao and G. A. Voth. The formulation of quantum statistical mechanics based
on the Feynman path centroid density. I. Equilibrium properties. J. Chem. Phys. 1994,
100, 5093.

[135] J. Cao and G. A. Voth. The formulation of quantum statistical mechanics based
on the Feynman path centroid density. 1. Dynamical properties. J. Chem. Phys. 1994,
100:5106.

[136] J. Cao and G. A. Voth. The formulation of quantum statistical mechanics based
on the Feynman path centroid density. Ill. Phase space formalism and analysis of
centroid molecular dynamics. J. Chem. Phys. 1994, 101:6157.

[137] J. Cao and G. A. Voth. The formulation of quantum statictical mechanics based
on the Feynman path centroid density. IV. Algorithms for centroid molecular
dynamics. J. Chem. Phys. 1994, 101:6168.

[138] T. D. Hone, P. J. Rossky and G. A. Voth. A comparative study of imaginary time
path integral based methods for quantum dynamics. J. Chem. Phys. 2006,
124:154103.

[139] I. R. Graig and D. E. Manolopoulos. Quantum statistics and classical mechanics:
Real time correlation functions from ring polymer molecular dynamics. J. Chem. Phys.

2004, 121:3368.
117



Z2% 3Lk Bl N L T W S S VAT

[140] B. J. Braams and D. E. Manolopoulos. J. Chem. Phys. 2006, 125:124105.

[141] H. Kleinert, Path Integrals in Quantum Mechanics, Statistics and Polymer
Physics, and Financial Markets. (World Scientific, Singapore, 2004).

[142] D. Alfe and M. Gillan. Ab initio statistical mechanics of surface adsorption and
desorption. 1. H,O on MgO (001) at low coverage. J. Chem. Phys. 2007, 127:114709.
[143] D. Alfe and M. Gillan. Ab initio statistical mechanics of surface adsorption and
desorption. 1. Nuclear quantum effects. J. Chem. Phys. 2010, 133:044103.

[144] S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. J. Probert, K. Refson
and M. C. Payne. First principles methods using CASTEP. Z. Kristallogr. 2005,
220:567.

[145] J. V. Vondele, M. Krack, F. Mohamed, M. Parrinello, T. Chassaing and J. Hutter.
QUICKSTEP: fast and accurate density functional calculation using a mixed
Gaussion and plane waves approach. Comput. Phys. Commun. 2005, 167:103.

[146] M. Ceriotti, J. More and D. Manolopoulos. i-PI: A Python interface for ab initio
path integral molecular dynamics simulations. Comput. Phys. Commun. 2014,
185:10109.

[147] G. Kresse and J. Furthmuller. Efficiency of ab-initio total energy calculation for
metal and semiconductors using a plane-wave basis set. Comput. Mat. Sci. 1996,
6:15.

[148] M. Bonomi et al. PLUMED: a portable plugin for free-energy calculations with
molecular dynamics, Comp. Phys. Comm. 2009, 180:1961-1972.

[149] J. M. McMahon and D. M. Ceperley. Ground-state structures of atomic metallic
hydrogen. Phys. Rev. Lett. 2011, 106:165302.

[150] H. Y. Liu, H. Wang and Y. M. Ma. Quasi-molecular and atomic phases of dense
solid hydrogen. J. Phys. Chem. C 2012, 116:9221-9226.

[151] D. Marx, M .E. Tuckerman, G. J. Martyna. Quantum dynamics via adiabatic ab
initio centroid molecular dynamics. Comp. Phys. Commun. 1999, 118:161-184.

[152] I. Tamblyn and S. A. Bonev. Structure and phase boundaries of compressed
liquid hydrogen. Phys. Rev. Lett. 2010, 104:065702.

[153] E. R. Hernandez, A. Rodriguez-Prieto, A. Bergara and D. Alfe. First-principles
118



Bl N i e S A7 2 3k

simulations of lithium melting: stability of the bcc phase close to melting. Phys. Rev.
Lett. 2010, 104:185701.

[154] N. W. Ashcroft. Metallic Hydrogen: A High-Temperature Superconductor?
Phys.Rev. Lett. 1968, 21:1748.

[155] J. Bardeen, L. N. Cooper and J. R. Schrieffer. Theory of Superconductivity.
Phys. Rev. 1957, 108:1175.

[156] P. Giannozzi. et al. QUANTUM ESPRESSO: a modular and open-source
software project for quantum simulations of materials. J. Phys.: Condens. Matter 20009,
21:395502.

[157] P. B. Allen and D. C. Dynes. Transition temperature of strong-coupled
superconductors reanalyzed. Phys. Rev. B 1975, 12:905.

[158] R. Szczesniak and M. W. Jarosik. The superconducting state in metallic
hydrogen under pressure at 2000 GPa. Solid State Commun. 2009, 149:2053.

[159] C. F. Richardson and N. W. Ashcroft, Phys. Rev. Lett. 1997, 78:118.

[160] J. Chen et al. Quantum simulation of low-temperature metallic liquid hydrogen.
Nature Commun. 2013, 4:2064.

[161] L. M. Xu et al. Relation between the Widom line and the dynamic crossover in
systems with a liquid-liquid phase transition. Proc. Natl. Acad. Sci. U.S.A 2005,
102:16558.

[162] L. M. Xu, S. V. Buldyrev, C. A. Angell, and H. E. Stanley. Thermodynamics
and dynamics of the two-scale spherically symmetric Jagla ramp model of anomalous
liquids. Phys. Rev. E 2006, 74:031108.

[163] L. M. Xu et al. A monatomic system with a liquid-liquid critical point and two
distinct glassy states. J. Chem. Phys. 2009, 130:054505.

[164] L. M. Xu et al. Appearance of a fractional Stokes—Einstein relation in water and
a structural interpretation of its onset. Nature Phys. 2009, 5:565.

[165] G. G. Simeoni et al. The Widom line as the crossover between liquid-like and
gas-like behaviour in supercritical fluids. Nature Phys. 2010, 6:503.

[166] M.C. Rose and R.E. Cohen. Giant Electrocaloric Effect Around Tc. Phys. Rev.

Lett. 2012, 109:187604.
119



Z2% 3Lk Bl N L T W S S VAT

[167] G. Sordi, P. Semon, K. Haule, A.M. S. Tremblay. c-axis resistivity, pseudogap,
superconductivity, and Widom line in doped Mott insulators. Phys. Rev. B 2013,
87:041101.

[168] M. Gajdo, K. Hummer, G. Kresse, J. Furthmuller and F. Bechstedt. Linear
optical properties in the projectoraugmented wave methodology. Phys. Rev. B 2006,
73:045112.

[169] S. Mazevet, J. D. Kress, L. A. Collins and P. Blottiau. Quantum molecular
dynamics study of the electrical and optical properties of shocked liquid nitrogen.
Phys. Rev. B 2003, 67:054201.

[170] R. Kubo. Statistical Mechanical Theory of Irreversible Processes. I. General
Theory and Simple Applications to Magnetic and Conduction Problems. J. Phys. Soc.
Jpn. 1957, 12:570.

[171] S. Scandolo. Liquid-liquid phase transition in compressed hydrogen from
first-principles simulations. Proc. Natl. Acad. Sci. U.S.A. 2003, 100:3051.

[172] M. Y. Kiriukhin and K. D. Collins. Dynamic hydration numbers for biologically
important ions. Biophys. Chem. 2002, 99:155.

[173] P. A. Thiel and T. E. Madey. The interaction of water with solid surfaces:
fundamental aspects. Surf. Sci. Rep. 1987, 7:211.

[174] V. C. Weiss and J. O. Indekeu. Effect of ion hydration on the first order
transition in the sequential wetting of hexane on brine. J. Chem. Phys. 2003,
118:10741.

[175] R. Bahadur, L. M. Russell, S. Alavi, S. T. Martin and P. R. Buseck.
Void-induced dissociation in molecular dynamics simulations of NaCl and water. J.
Chem. Phys. 2006, 124:154713.

[176] E. M. Knipping et al. Experiments and simulations of ion-enhanced interfacial
chemistry on aqueous NaCl aerosols. Science 2000, 288:301.

[177] P. Jungwirth and D. J. Tobias. Specific ion effects at the air/water interface.
Chem. Rev. 2006, 106:1259.

[178] S. Folsch, A. Stock and M. Henzler. Two-dimensional water condensation on

the NaCl(100) surface. Surf. Sci. 1992, 264:64 (1992).
120



Bl N i e S A7 2 3k

[179] L. W. Bruch, A. Glebov, J. P. Toennies and H. Weiss. A helium atom scattering
study of water adsorption on the NaCl(100) single crystal surface. J. Chem. Phys.
1995, 103:51009.

[180] S. J. Peters and G. E. Ewing. An infrared study of adsorbed H20 on NaCl(100)
under ambient conditions. J. Phys. Chem. B 1997, 101:10880.

[181] J. P. Toennies, F. Traeger, J. Vogt and H. Weiss. Low-energy electron induced
restructuring of water monolayers on NaCl(100). J. Chem. Phys. 2004, 120:11347.
[182] T. Mitsui, M. K. Rose, E. Fomin, D. F. Ogletree and M. Salmeron. Water
diffusion and clustering on Pd (111). Science 2002, 297:1850.

[183] K. Morgenstern and J. Nieminen. Intermolecular bond length of ice on Ag (111).
Phys. Rev. Lett. 2002, 88:066102.

[184] J. Cerd&et al. Novel water overlayer growth on Pd (111) characterized with
scanning tunneling microscopy and density functional theory. Phys. Rev. Lett. 2004,
93:116101.

[185] A. Verdaguer, G. M. Sacha, H. Bluhm and M. Salmeron. Molecular structure of
water at interfaces: Wetting at the nanometer scale. Chem. Rev. 2006, 106:1478.

[186] H. J. Shin et al. State-selective dissociation of a single water molecule on an
ultrathin MgO film. Nature Mater. 2010, 9:442-447.

[187] B. Hammer, S. Wendt and F. Besenbacher. Water adsorption on TiO2. Top.
Catal. 2010, 53:423-430.

[188] S. Nie, P. J. Feibelman, N. C. Bartelt and K. Thirmer. Pentagons and heptagons
in the first water layer on Pt (111). Phys. Rev. Lett. 2010, 105:026102.

[189] H. Okuyama and I. Hamada. Hydrogen-bond imaging and engineering with a
scanning tunnelling microscope. J. Phys. D 2011, 44:464004.

[190] J. Guo et al. Real-space imaging of interfacial water with submolecular
resolution. Nautre Mater. 2014, 13:184.

[191] J. M. Park, J. H. Cho and K. S. Kim. Atomic structure and energetics of
adsorbed water on the NaCl(001) surface. Phys. Rev. B 2004, 69:233403.

[192] Y. Yang, S. Meng and E. G. Wang. Water adsorption on a NaCl (001) surface: A

density functional theory study. Phys. Rev. B 2006, 74:245409.
121


http://www.sciencemag.org/content/297/5588/1850.short
http://www.sciencemag.org/content/297/5588/1850.short
http://prl.aps.org/abstract/PRL/v88/i6/e066102
http://prl.aps.org/abstract/PRL/v93/i11/e116101
http://prl.aps.org/abstract/PRL/v93/i11/e116101
http://pubs.acs.org/doi/pdf/10.1021/cr040376l
http://pubs.acs.org/doi/pdf/10.1021/cr040376l
http://link.springer.com/article/10.1007/s11244-010-9454-3
http://prl.aps.org/abstract/PRL/v105/i2/e026102
http://prl.aps.org/abstract/PRL/v105/i2/e026102
http://iopscience.iop.org/0022-3727/44/46/464004
http://iopscience.iop.org/0022-3727/44/46/464004

Z2% 3Lk Bl N L T W S S VAT

[193] P. Cabrera-Sanfelix, A. Arnau, G. R. Darling and D. Sanchez-Portal. On the
structure of the first hydration layer on NaCl(100): Role of hydrogen bonding. J.
Chem. Phys. 2007, 126:214707.

[194] VY. Yang, S. Meng, L. F. Xu and E. G. Wang. Dissolution dynamics of NaCl
nanocrystal in liquid water. Phys. Rev. E 2005, 72:012602.

[195] Y. Yang, S. Meng and E. G. Wang. A molecular dynamics study of hydration
and dissolution of NaCl nanocrystal in liquid water. J. Phys.: Condens. Matter 2006,
18:10165.

[196] P. Cabrera-Sanfelix et al. Spontaneous emergence of CI- anions from NaCl(100)
at low relative humidity. J. Phys. Chem. C 111, 8000 (2007).

[197] L. M. Liu, M. Krack and A. Michaelides. Interfacial water: A first principles
molecular dynamics study of a nanoscale water film on salt. J. Chem. Phys. 2009,
130:234702.

[198] L. M. Liu, A. Laio and A. Michaelides. Initial stages of salt crystal dissolution
determined with ab initio molecular dynamics. Phys. Chem. Chem. Phys. 2011,
13:13162.

[199] K. Lauwaet et al. Resolving all atoms of an alkali halide via nanomodulation of
the thin NaCl film surface using the Au(111) reconstruction. Phys. Rev. B 2012,
85:245440.

[200] W. Ho. Single-molecule chemistry. J. Chem. Phys. 2002, 117:11033-11061.
[201] J. I. Martmez, E. Abad, C. Gonzdez, F. Flores and J. Ortega. Improvement of
Scanning Tunneling Microscopy Resolution with H-Sensitized Tips. Phys. Rev. Lett.
2012, 108:246102 (2012).

[202] J. K. Neskov. Chemisorption on metal surfaces. Rep. Prog. Phys. 1990,
53:1253-1295.

[203] M. L. Perrin et al. Large tunable image-charge effects in single-molecule
junctions. Nature Nanotech. 2013, 8:282-287 (2013).

[204] P. J. Feibelman. The first wetting layer on a solid. Phys. Today 2010, 63:34.
[205] S. Nie, N. C. Bartelt and K. Thirmer. Evolution of proton order during ice-film

growth: An analysis of island shapes. Phys. Rev. B 2011, 84:035420.
122


http://link.aip.org/link/?JCPSA6/117/11033/1
http://iopscience.iop.org/0034-4885/53/10/001
http://www.nature.com/nnano/journal/vaop/ncurrent/full/nnano.2013.26.html?WT.mc_id=TWT_NatureNano
http://www.nature.com/nnano/journal/vaop/ncurrent/full/nnano.2013.26.html?WT.mc_id=TWT_NatureNano

Bl N i e S A7 2 3k

[206] M. Benoit, D. Marx and M. Parrinello.Tunneling and zero-point motion in
high-pressure ice. Nature 1998, 392:258.

[207] E. Freier, S. Wolf and K. Gerwert. Proton transfer via a transient linear
water-molecule chain in a membrane protein. Proc. Natl. Acad. Sci. USA 2011,
108:11435.

[208] G. Henkelman, B. P. Uberuaga and H. J&nsson. A climbing image nudged
elastic band method for finding saddle points and minimum energy paths. J. Chem.
Phys. 2000, 113:9901.

[209] D. F. Brougham, R. Caciuffo and A. J. Horsewill. Coordinated proton tunnelling
in a cyclic network of four hydrogen bonds in the solid state. Nature 1999, 371:241.
[210] L. E. Bove, S. Klotz, A. Paciaroni and F. Sacchetti. Anomalous Proton
Dynamics in Ice at Low Temperatures. 2009, 103:165901.

[211] Y. R. Shen and V. Ostroverkhov. Sum-frequency vibrational spectroscopy on
water interfaces: Polar orientation of water molecules at interfaces. Chem. Rev. 2006,
106:1140-1154.

[212] K. Motobayashia, C. Matsumoto, Y. Kim and M. Kawai. Vibrational study of
water dimers on Pt(1 1 1) using a scanning tunneling microscope. Surf. Sci. 2008,
602:3136.

[213] J. J. Max and C. Chapados. Isotope effects in liquid water by infrared
spectroscopy. 111. H20 and D20 spectra from 6000 to 0 cm ™. J. Chem. Phys. 2009,
131:184505.

[214] C. S. Tian and Y. R. Shen. Structure and Charging of Hydrophobic
Material/Water Interfaces Studied by Phase-Sensitive Sum-Frequency Vibrational
Spectroscopy. Proc. Natl. Acad. Sci. USA 2009, 106:15148.

[215] R. Lemus. Vibrational excitations in H20 in the framework of a local model. J.
Mol. Spectrosc. 2004, 225:73-92.

[216] B. C. Stipe, M. A. Rezaei, W. Ho. Single-Molecule Vibrational Spectroscopy
and Microscopy. Science 1998, 180:1732.

[217] 1. V. Stiopkin. Hydrogen bonding at the water surface revealed by isotopic

dilution spectroscopy. 2011, 474:102.
123


http://theory.cm.utexas.edu/vtsttools/references/pdfs/henkelman00_9901.pdf
http://theory.cm.utexas.edu/vtsttools/references/pdfs/henkelman00_9901.pdf
http://www.sciencedirect.com/science/article/pii/S0039602808004482#aff1

Z2% 3Lk Bl N L T W S S VAT

[218] C.S. Tian and Y.R. Shen. Isotopic Dilution Study of the Water/Vapor Interface
by Phase-Sensitive Sum-Frequency Vibrational Spectroscopy. J Am. Chem. Soc. 2009,
131:2790.

[219] Y. Nagata, R. E. Pool, E. H. G. Backus and M. Bonn. Nuclear Quantum Effects
Affect Bond Orientation ofWater at theWater-Vapor Interface. Phys. Rev. Lett. 2012,
109:226101.

[220] A. R. Ubbelohde and K. J. Gallagher. Acid-base effects in hydrogen bonds in
crystals. Acta Crystallogr. 1955, 8:71-83.

[221] E. Matsushita and T. Matsubara. Note on isotope effect in hydrogen bonded
crystals. Prog. Theor. Phys. 1982. 67:1-19.

[222] A. C. Legon and D. J. Millen. Systematic effect of D substitution on
hydrogen-bond lengths in gas-phase dimers B...HX and a model for its interpretation.
Chem. Phys. Lett. 1988, 147:484-489.

[223] S. lijima Helical microtubules of graphitic carbon. Nature 1991, 354:56-58.
[224] G. Hummer, J. C. Rasaiah and J. P. Noworyta. Water conduction through the
hydrophobic channel of a carbon nanotube. Nature 2001, 414:188.

[225] J. Chen, X. Z. Li, Q. F. Zhang, A. Michaelides and E. G. Wang. Nature of
proton transport in a water-filled carbon nanotube and in liquid water. Phys. Chem.
Chem. Phys. 2013, 15:6344.

[226] T. J. F. Day, U. W. Schmitt and G. A. Voth, J. Am. Chem. Soc., 2000,
122:12027-12028.

[227] G. F. Wei, Y. H. Fang and Z. P. Liu. First Principles Tafel Kinetics for
Resolving Key Parameters in Optimizing Oxygen Electrocatalytic Reduction Catalyst
J. Phys. Chem. C. 2012, 116:12696.

[228] T. C. Berkelbach, H. S. Lee and M. E. Tuckerman. Concerted Hydrogen-Bond
Dynamics in the Transport Mechanism of the Hydrated Proton: A First-Principles
Molecular Dynamics Study. Phys. Rev. Lett. 2009, 103:238302.

[229] O. Markovitch, H. N. Chen, S. Izvekov, F. Paesani, G. A. Voth and N. Agmon.
Special Pair Dance and Partner Selection: Elementary Steps in Proton Transport in

Liquid Water. J. Phys. Chem. B 2008, 112:9456-9466.
124



Bl N i e S A7 2 3k

[230] E. S. Stoyanov, I. V. Stoyanova, F. S. Tham and C. A. Reed. H,q" Structures in
Proton Wires inside Nanotubes. J. Am. Chem. Soc. 2009, 131:17540-17541.

[231] J. Morales and K. Singer. Path Integral Simulation of the Free-energy of
(Lennard-Jones) Neon. Mol. Phys. 1991, 73:873.

[232] S. Habershon and D. E. Manolopoulos. Thermodynamics integration from
classical to quantum mechanics. J. Chem. Phys. 2011, 135:224111.

[233] A. Pé&ez and O. A. von Lilienfeld. Path Integral Computation of Quantum Free
Energy Differences Due to Alchemical Transformations Involving Mass and Potential.
J. Chem. Theory Comput. 2011, 7:2358.

[234] A. V. logansen. Direct proportionality of the hydrogen bonding energy and the
intensification of the stretching v(XH) vibration in infrared spectra. Spectrochimica
Acta Part A 1999, 55:1585.

[235] M. Rozenberg, A. Loewenschuss and Y. Marcus. An empirical correlation
between stretching vibration redshift and hydrogen bond length. Phys. Chem. Chem.
Phys. 2000, 2:2699-2702.

[236] M. Rozenberg, G. Shoham, I. Revab and R. Faustob. A correlation between the
proton stretching vibration red shift and the hydrogen bond length in polycrystalline
amino acids and peptides. Phys. Chem. Chem. Phys. 2005, 7:2376.

[237] G. Kresse, J. Furthmler and J. Hafner. Ab initio Force Constant Approach to
Phonon Dispersion Relations of Diamond and Graphite. Europhys. Lett. 1995,
32:729.

[238] D. Alfe. PHON: A program to calculate phonons using the small displacement
method. Comput. Phys. Commun. 2009, 180:2622.

[239] S. Baroni, P. Giannozzi and A. Testa. Green’s-function approach to linear
response in solids. Phys. Rev. Lett. 1987, 58:1861.

[240] P. Giannozzi, S. de Gironcoli, P. Pavone and S. Baroni. Ab initio calculation of
phonon dispersions in semiconductors. Phys. Rev. B 1991, 43:7231.

[241] S. Baroni, S. de Gironcoli, A. Dal Corso and P. Giannozzi. Phonons and related
crystal properties from density-functional perturbation theory. Rev. Mod. Phys. 2001,

73:515.
125



Z2% 3Lk Bl N L T W S S VAT

[242] J. Klimes, D. R. Bowler and A. Michaelides. Understanding the role of ions and
water molecules in the NaCl dissolution process. J. Chem. Phys. 2013, 139:234702
[243] J. Chen et al. An unconventional bilayer ice structure on a NaCl(001) film.
Nature Commun. 2014, 5:4056.

[244] C. Drechsel-Grau and D. Marx. Quantum Simulation of Collective Proton
Tunneling in Hexagonal Ice Crystals. Phys. Rev. Lett. 2014, 112:148302 (2014).
[245] L. I. Trakhtenberg and V. L. Klochikhin. Effect of pressure and temperature on
the H-atom tunneling in solid phase chemical reactions. The acridiner/fluorene system.
Chem. Phys. 1998, 232:175-187.

[246] E. J. Spahr et al. Proton Tunneling: A Decay Channel of the O-H Stretch Mode
in KTaO3. Phys. Rev. Lett. 2009, 102:077506.

126



REXEFIR

[1] BREE, #MJkzi, kT, EEE, “WHEyh a8 BN SHTRER” ,
YiEE, 2010, 404, 321 7.

[2] J. Chen, X. Z. Li, Q. F. Zhang, A. Michaelides and E. G. Wang, Nature of proton
transport in a water-filled carbon nanotube and in liquid water. Phys. Chem. Chem.
Phys. 2013, 15:6344.

[3] J. Chen, X. Z. Li, Q. F. Zhang, M. I.J. Probert, C. J. Pickard, R. J. Needs, A.
Michaelides and E. G. Wang, Quantum simulation of low-temperature metallic liquid
hydrogen. Nature Commun. 2013, 4:2064.

[4] J. Guo*, X. Z. Meng*, J. Chen*, J. B. Peng, J. M. Sheng, X. Z. Li, L. M. Xu, J. R.
Shi, E. G. Wang, Y. Jiang, Real-space imaging of interfacial water with submolecular
resolution. Nautre Mater. 2014, 13:184. (* equal contribution)

[5] J. Chen*, J. Guo*, X. Z. Meng*, J. B. Peng, J. M. Sheng, L. M. Xu, Y. Jiang, X.
Z. Li and E. G. Wang, An unconventional bilayer ice structure on a NaCI(001) film.
Nature Commun. 2014, 5:4056. (* equal contribution)

[6] J. Chen, X. G. Ren, X. Z. Li, D. Alfe and E. G. Wang, On the room-temperature
phase diagram of high pressure hydrogen: an ab initio molecular dynamics
perspective and a diffusion Monte-Carlo study. (Submitted)

[7] J. Chen, X. Z. Li, A. Bergara and E. G. Wang, Nuclear quantum effects to
stabilize simple cubic calcium under pressure, (Submitted).

[8] R. Z. Li, J. Chen, X. Z. Li, E. G. Wang and L. M. Xu, Rationalizing the
liquidliquid phase transition in high pressure hydrogen using the concept the Widom
line. (Submitted)

[9] J. Chen, X. Z. Li, D. Alfe and E. G. Wang, First principles calculation of the
quantum anharmonic free energy with path integral method. (To be submitted)

[10] J. Jung, J. Chen, P. Rinke, X. Z. Li, E. G. Wang and M. Scheffler, A
first-principle study of biphenyl: from electronic structures to thermal and quantum

nuclear effects. (To be submitted)

127



RABLZEHN R Bl N L T W S S VAT

128



Bt

X A0 SO R 1 FRAE I 2 LA 58 B RS 2 BHIIE A A A had 7 o
SR IR T T VE o B S, BEAE X R R SO SE A TR AR TR CaE R .
FERX TAE AN I A AR R, WA 2048 3 UL R 2 R AT
ToAAHS B AL EFRAZ 2 BE v o« FEAIR SR TE i B, [ 45 5 345 3 AN B i)
A R IE TR () B R 5 PR

T TR B B Y ST B R B . B R 2 0 TR R R I R0
T8 AT A ZE I o MG RMIF R | 7712 RIS BERT i 200 AR
RGN E AT — DN EZIMR— A ARHEYHE YK, G BB Y
B EAE AU R TR R R ZI B AR, S 2 RE — 1 DU I PR 38 ] R AR o
25 A NS5 ZEMUT I AR WA o 52 T ) Sl 5 SR A TR BB % v IR BT I 2% Hh 1)
— NN o FE TR P B 2 TR I LA o R IR AN B,
IR F 2 M S A e, ARG o

A E R W R Bd%, M2 LRIt R 2. 22
JMEMIF LR, 25 R 1T I BB RS AN IG5 T 2R 5. XiEie
SO B B AT A R 58 BCER B AN TT 2= 22 ) BLAR S 3 0 22 T L2k J05R
— S AN () AR RS R 3R S RS . IV — IR BHHS SCET R AE 252 T — i i
MBS FiE 588 1

WIEF YR Z H A 20, [ PAMEER . LRI B e

WA g T RIRZ B, SIS E SRR TAEEINE e . 1RF
HEF R AN 5 5% B FERAE P WAL T 1 AR Z 00T T, JMAATAR B2
B TR Z HARAE ) 773 [RIFE R 9% 46 R 22 5B i Angelos Michaelides
4% . Dario Alfe 4% . Chris Pickard % F1 81 # K1) Richard Needs ##3xf 3k
TAE DA S SO b R R 4 SR A B o SRS T L B S AR A T SR QRS i 2
SRV o RS OB 220 3= BE 1 SCAS TS T2 A S B o SRR ZE R A R e
INIEZE B BB PN 2T, BLE. TSR S Rt
BEWSH . R EREBR T T A S AR R . AR

129



Ee) Bl N i 7 e S 7'

KX AR W dh . T30 X B . LSRRI AT 7T A B
B SE it it 3 5.

B i BIE BRI KN o BB IR B 2R, bR B TARZE 3K
Q& 1 RAFRIATEIAE, 1B REE 20002 2 o SR 3R 52 O ZE T X R B 5 5 HF
it 1 e o U5 R ) S G o [ S AR BRI S BT B B AN S o I m] 2 1Y)
IR AETETE I XK 5 48 . TIIFAAKIZ R BT K2 /7, # L
HESCRRZEABATT

M 3
“E-NERHA B3R

130



AEFORZE 22 AL SCJR €44 P B A2 A4 F 1 B

JREIEE R

ARNIBEFEW:  PrR2AZMELRI, RAERNTIHRTES T, ML EATH
FELARFTBUSIRCR BRSO S EN 51 A S, AR SO SR AN A
BAEAR OV R R 5 S I (1 i R R o K A ST (R P 9 A8 o B DT R A A4
A, AR A 77 bR B o AR WY VR 45 R AR AR AE

WIXAFEZEA H 39 £ A H

AL ST P IA Ui B

AT 7 4722 B P 13 R I ER L)

ARNGEE T AR R T W R AR S RiE, B

o FRMSARE R GEAS AL Ve SCHY ER AT LA

o SARABURAE AR B EVRIA AL T RCA,  FFFR AL H S 2 A AR 55
FEAZ el P L S R 55

o SARTHTDURASZEN 4iED . AU s Al R BRI O

o DRIEMRR IR IR PR 5 AR IR A AT AL 18 SCHL TR FBUA RS — SR PR = 4E DA
Jai, AR W _E AR AT

CORBE R S A 3 Jr 3 ST I RILE D

WIHEE A FIMZEA
H - £ A H

131



