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Outlines:

e What is 15t-Principles Simulations?
Why do we need Evolution Algoritm?

e Proton Order/Disorder transitions in Ice
a 70 year old problem in ice physics.

e /N0 based alloy
Alloy Synthesis on the Cloud ?

e Structure of nano-sized clusters

Knowing the structure is
o smrzepe  HEFIRST step_toward _ _
mImz I # eI Nnderstanding Material Properties
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Basis of 15t-Principles Methods

Dirac (1929): “The underlying physical laws
necessary for the mathematical theory of a
large part of physics and the whole of
chemistry are thus completely known.”

Erwin Schrodinger Paul A. M. Dirac SChrOdmger equatlon.

i‘|‘i

Nobel Prize in Physics 3 H\V E\lj

Walter Kohn John A. Pople _
S s e “for his development of DFT and comp.

Nobef FiiZe 7 ChEm! 1008 methods in quantum chemistry”



Multi-scale simulation from Ab Initio

components together

We are developing automatic
algorithms to bundle these

»
L

-

e Large number of atoms
» Many configurations

General Ising model &
Monte Carlo Simulations
Genetic/Evolution Algorithm

A

J

A

[ Formation Energy } [Structure, lattice const} [Electronic Properties}

A

A

4

A

« Small unit cells
» Few configurations

ULAR SCI
I, TAIWARMN

=

Quantum Mechanical Calculations

VAS

P/CPMD/Wien 2k

s5sian/Molpro...



Material Synthesis on the CLOUD

B
gl B snan metais ctin [] sena
T analns eaith metals W oo metss [8] wigui
: W rsaie matais W toometns [A] o
@
"

[ MBS S RS R i

. o | attie | st | emd - -
[ [ I [ =] I [

GRID — CLOUD




Outlines:

e Proton Order/Disorder transitions in Ice
a 70 year old problem in ice physics.

Knowing the structure is
+ smrsepetN€ FIRST step toward
mr=z o fgAaderstanding Material Properties



WHAT!! Ordinary Ice i1s NOT crystal.

 Snow flakes have beautiful hex-symmetry Il "

108
£
-t
§
[l
http://www.its.caltech.edu/~atomic/snowcrystals/ 108
 Acrystal is a solid in which the
components are packed in a regularly & W
ordered, repeating pattern extending in IR L LT
a” three Spatial dimenSiOnS http://www.ls%‘l;fac.uk/water/phase.html

* |ce has adisordered proton
distribution.

In this 48-water unit cell of f!i Qa&g %

ice-Th, there are 2,404,144,962 D@gﬁ_gﬁ %—:ﬁﬁ
’ + %ﬁfﬁ:i‘ﬁ. bon

3w 'agz-zﬁfs g




native state

W.F. Giauque and J.W.Stout,
JACS 58, 1144 (1936)

S(T >0)=3.4+06J/K

» Not just ice-Ih, many phases of ice are
proton-disordered.

Temperature (°C)

» Thermal properties of ice is essential to
many important issues in physics,
chemistry, and environment.

» Finding the proton-ordered ice, will help us
BRAR NANYANG better understand H-bonding.

1 fi? TECHNOLOGICAL
UNIVERSITY

1.0 10 100
Pressure (GPa)
Nature ,vol 391, p.268

400

300

-200

o
ot

0

Qoc(3/2)",S=kInQ=3.37J/K

Temperature (K)



Temperature (°C)

-100

Proton Order/Disorder transition

/ Training graph invariants on small unit cells (Quantum Mech.)

! | ‘ |
¢) Ice-1I 8- and 12-
| water unit cells

0.1 E(by.by,...)=Eg+Y o, +Y oyl + ...

0.05

S ab initio) - QM
L d) Ice-T 48-water ( ) Q

0 0.05 0.1 0.1 —unit cell
DFT energy (kcal/mol/water)

/ Testing the prediction on larger unit cells.

0.05

i MC simulations on very large unit cells to
. simulate disorder/order transition. — SM

0
0 0.05 0.1
ar. mv. prediction (kcal/mol/water) 1
0 XI & 1h

=400 e) I I ! I L ; 1 L TR I 2l

Liquid N . Ice-I 896-water simulation cell
b dao ;\‘ -50yvvwy —
o] ¢ -

2 [ce-VII 1024-water simulation cell
20 8 -100p—+ ) SRSRARARAS SRARARARAL Ml | ]

------ g 100 150 200 250
Ji00 T(K) VIII & VII
- ! | s | : Singer, Kuo, et al, Phys. Rev. Lett. 94, 135702 (2005)]
01 10 10 oo -

Pressure (GPa)



What else about ice:

 New Phases?

e Effects of Pressure?

« X-ray Absorption Spectra

TP RTFTIT PR
" ﬁﬁ“iﬁb‘—?‘ﬂ%’;ﬂ

Zhang Jingyun



Outlines:

e What Is 15t-Principles Simulations:
Why Multi-scale and go CLOUD?

e Proton Order/Disorder transitions in Ice
a 70 year old problem in ice physics.

 ZnO based alloy
Alloy Synthesis on the Cloud ?

e Structure of nano-sized clusters

Knowing the structure is

+ s rtn€ FIRST step toward r! |

L ErEE T uAderstanding Material Prope
i o



ZnO Alloys for opto-electronic applications
» Band Gaps and light

conduction band
; I Eg =hv
valence band
» Tunable E
_MgO_|
. ZnO |
Sun cream E..o= h Vv, EMgO = h Vv,
| I

&7 P =TT IR
4 SR 3-8




Semiconductor Alloys — Be, Zn, O

» Cluster Expansion Theory » Be,Zn, O

Alloy system Lattice model ” 1 £Zn0O
E(ry.....rp) E(oy,....0,) 10 (Eg=3.4eV)
@0 000 ©0e0® ;- VO
O@ OO0 OO g ‘ (Eg=7.7eV)
@00 0C@——@0@O® Ll neo
{ Be
O0000 006V 2 - 1 (Eg=10.6eV)
OQ/@QO @OO@O@ v
ri o;=+1 Lattice Constant (1)
APL 88, 052103 ( 2006)
E(G],...,GH) 2 Jl GIGJ + ZJle GIGJGI( + . - ‘ . ' ._.
(i} {ijik) oW 2°-6553 owec
N CFegPo ° | gl
How many J; are needed? 2 .m: wurtzite .‘i L‘;_i :
©C® e P6.mc e—co-o—
N 3
How many care needed? 2 e V =l
P S FF FT P x=0 652 sym-distinc =1

ﬁ‘?’“-’éﬁb‘%ﬂmﬁﬁ
o=(Zn, Zn, ...) o =(Be, Be, ..

)



Be,.Zn, O Alloys

» Formation Enthalpy:
AH[6,X]=E|o,Be,Zn,_ O]

— XE[BeO|—(1—X)E[ZnO}

> Lattice constants

54
@ s50F ()
52
.45
c
I s |
Lol S a0k
© s |
g | 235
= =
—_ c
8 ®30}
® 46 S
£ g I
= E25
- 2
44 i
20}
| x=0375 x=04375 [x=05 x=05625
E R e ————_—— 15 ) N ) N 1 N 1 N 1
00 02 04 06 08 10 4.65 4.70 475 4.80 485 490

Be concentration x Lattice constant ¢ (A)

XF Fan; «;; and-Jer-Lai Kuo,
App. Phys. Lett. 91,121121 (2007)

Fan, Zhu et al,APL, 91, 121121 (‘07).

Band gap energy (eV)
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Effect of Lattice Vibration

> Phonon DOS

* PWSCF: linear response
good for crystal.
= PHONE: calculate DOS

> Effect of Lattice Vibration

Approximations made:
e Bragg-Williams app.
* Neglect short range order
e Harmonic app.
o Small super-cell size

KGarr E f=an, apgnJer—Lai Kuo,
Comp. Mat. SGi (in press)

e

=

=

()
I

with lattice vibrations

02

04 06
Composition X




Non-isostructural alloys

feeefe % Mg.2Zn,,0, Cd,Zn,.0,.... 66

Colog’ 9

G.n.ﬁ. .9

I I I I I I e | | | | ! | ! >< | ! |
S00r 1 So3st X X -
= - \‘ - .|C_UJ L ><
S0BF o 1 Oo0f X .
S | ~\. S - Bg >< ><
2ol N X ] Dot X i
> . ~ - > i
Q— i @\~\ ° >( E-O_Z) | ><§ >< § -/-/-/X -
g 015 8 R . E - 8 O P
= S X SoisF 6.5 X : e i
) - L | e H e
010 - ¥ B {1 o 8 .

S % 4 c 010} [~ser i
= - ? E\. i - >< _/'/‘ .\'\~\
E 00 ~X N 17 ©oosfk b - T & .

7 Q~ E o S-S -

B /'X N — ./'/ S
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0.0 0.2 04 06 08 1.0 00 02 04 06 08
MgO 1-x ZnO cdo 1

4 q:%;ﬂhp;ﬂgx F. Fan, HD Sun, Z.X. Shen, and Jer-Lai Kuo,
s 3722 =237PhyS. "Cond. Matt. 20, 235221 (2008)




Material Discovery on the CLOUD

> 15t Prmuple Calculations to replace wet-lab based

» Improve efficiency
2 month (2007) with in-house PC clusters

2 days (2008) with in-house PC clusters
2 hrs (2009) with large HPC?
» Material Design

7 9P S ®T 5T Pse
IR e %ﬂmrﬁ




Outlines:

e What Is 15t-Principles Simulations:
Why Multi-scale and go CLOUD?

e Proton Order/Disorder transitions in Ice
a 70 year old problem in ice physics.

* Be,Zn, 07
Alloy Synthesis on the Cloud.

e Structure of nano-sized clusters

Knowing the structure is

+ =orsertne FIRST step toward r_!s
L RTEZTHAderstanding Material Prope

i o



Basic scheme of the Multi-scale Method

« Use empirical models to quickly f

explore the PES of water

* Ab initio results can be used In @
return to reparameterized 4 )
models
1) S
\
J

A replaced by (2B=2A)
e o s Nguyen QC.. Jer-Lai Kuo,
| J. Phys. Chem. A 112, 6257 (2008)




Exploring the Energy Landscape of Clusters
using Genetic Algorithms

Asynchronized GA: by Bernd Hartke

CHOSSOVEr
oy 8¢
P W%
directed

x mutation
n 0

o0
*al
L X

& Genetic Algorithm

molecular clusters

: Mutation & Crossover : works
J \ directly on coordinates of
o8

A collector was implemented

Collection || to gather new isomer
global orientational optimization of isomers found by GA

cpﬁnﬁ;b%sunable for GRID comp.
sl iy 2t Soh, Nguyen ...Ong, Kuo

IEEE/ACM trans...




Parameterizing empirical models

Levenberg-Marquardt y
nonlinear least square
algorithm + Genetic Algorithm

Obijective function

DFT

0sg

F(p) = \/I\]/-IZ(Egssz(p) - EIISFT)Z

p: parameter, M: # of data points,
Eosso’ Eperc OSS2 and DFT binding energy of configuration k

?7X

v |

New point p;

JE -2 [ [Read Only [Read Oy,
ATOMIC MOLEC ULA~ SCI




How to distinguish diff. iIsomers?

“Ultra fast shape recognition”
Ballester and Richards, J. Comp. Chem. 28, 1711 (2007)

e Similarity index ranges from O to 1:
— 0 : totally different
— 1 : exactly the same

« Differ by just 1 atom, SI= 0.966

o
e

{d.9}: to molecular centroid (ctd)
k

cstl- To make them independent to the
et ihul e el Es size of cluster, the first, second

P SR T FT B : and third moments of each set are
e gﬁggggg%[géhneﬂjgrthest atom (fct) of ctd e

{dkftf}: to the furthest atom (ftf) of fct




HSA: from isomers to thermal prop.

d) n=8
5
4t A ] . . .
3| Harmonic superposition approximation
2 -
wf v ~_ 1 | @ The canonical partition function Z ( 3) can be
o6f N7 . . .
oal | .1 | approximated as the summation of harmonic

0 —re————u-—— | contributions of all collected local minima.
4 _
Z(ﬂ) o Z naza(ﬁ)
a

_ 1 | 4 The finite temperature behavior (heat
o4r 7K .~ 71 | capacity curves, structural transitions, canonical

50 100 150 200 250 300 350 400 probabilities |e) of Wn+ clusters can be
derived afterward.

Nguyen, Ong, and Kuo,

02| ,,' S _: i "A multi-scale approach to study thermal behavior of
4 e Sﬁé%lm; E’o’cZ‘: 250 w030 400 2 protonated water clusters H*(HZO)Q"_,
sz“lmm"‘e’f:?; i e J. Chem. Theory and Comp. )

T -=== L ====SR=--=-DR ====MR



Two-stage melting of H"(H,O) 4

Cage Tree

<
1P
%‘J 60 10
=
% () 5
A 20 0

75 100 125 150 175 200 225 250 275 300 325
4 P RFTITPR % Temp (K)

FRITERZTTEFT Kuo and Klein J. Chem. Phys. 112, 24516 (2005).



Melting of H*(H,O),, cage (135~155K)

(Temp) o0 ] [0 warm J

;’% N/\w\ = 1:;0

3600 3650 3700 3750 3800 3600 3650 3700 3750 3800 3600 3650 3700 3750 3800
Frequency (cm’ )

Mass n I n h n 5 P
J q -»—J e
spectra I l n U 3 c_;'ﬂ " {
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Cluster Size (n)
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S 02 0.2 02 g~ X
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Structural info from VPS

3-coord
3-coord 2_coord

VPS:

(Vibrational Predissociation
' Spectra)

Tohoku U.
(Prof. Mikami and Prof. Fuijii)
Miyazaki et al., Science (04)

Yale-Georgia
(Prof. Johnson and Prof. Duncan)
Shin et al., Sicence (04),

IAMS, Sinica
(Prof. Yuan Lee and Prof. Chang)
Wu, Lin, et al., JCP, PCCP (05)

;_ <~/ 3600 3700 3800 '
. -1, n=19 |
> Frequency (cin”)

4 G S==T T P=  (sym) 1l-coord(anti-sym) 4600 3650 3700 3750 3800
SR -2 '3_"" ?r'i- e~ 1. Frequency (cm”)




Thermal behavior of H*(H,O)

1 P L L L L L B
3 7 n=5
Sl cetve SIS B
= ] n=6 )
U I —
] 1
0 q50 100 150 200 250 300
4 Sl L R L AL R I
Jo3 LA
£ 2 £ 3
> 7oA L
U 1 O 2
0 I
g 103? :
N 61— Nl
Z 4_— E (1_—
= - R
U 2= @] L
- 2
0
S0 100 150 200 250 300 50
ST T 1 T 1 T 1 T ] O
N (,__ . xmiz
©lE 7 n=15 Yo
1 S T S R |
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Temp (K) Temp (K)
P ST I B k.
VLN b= B N i s =i - .
“T'Bedks in Cv are associated to structural changes. !!

n=16
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# of Local minimum and why Is
statistical average important!

(H,0),
n GA re-opt
TTM2F B6 SHS*

4 14 10

) 33 23

6| 154 95 ]

7| 639 | 406

8 | 2331 | 1429 | (166)* |

(*) K. Ohno, J. Phys. Chem. A, N 1 SN
111, 10732 (2007) 0 " SN 2
S < Dominating structures are the

AT ITFHEI minimum of Free Energy!!



Development of Water Models

« OSS2 potential
— Designed for H*(H,0),
_ Vtotal =V +V

+ VO-H Interaction O-0O interaction
— Polarizable

— No artificial charge
— Dissociable =» Important in ionic chemistry

— Overlap of electron clouds modelled by some
screening functions

charge interaction

+V

polarizaton interaction

+V

three-body interaction

R NANYANG
s | TECHNOLOGICAL
'933}" UNIVERSITY
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Be ., Zn, O Alloys : Phase Diagram

» Composite-T Phase Diagram

AG =AH;-T ASconf i AGVib
= AH; (formation enthalpy)
" AS,niig - Bragg-Williams app.
for random alloys
= AG,;, : including ZPE

> Effect of Lattice Vibration

* PWSCF: linear response
good for crystal.
= SQS: (special guasi-random
structure)* to represent
random alloy
%?ﬂ:}ﬁmmHONE: calculate DOS

UNIVERSITY

* Zunger, Wei, Ferreira and Bernard, PRL 65 (1990) 353

2500

[

Temperature (K)

0 02 04 06 08 I
Composition x

iz

{a) Wuonizits

%2 A [, I A 4 x=1
E x =34
: ﬁ%_m_
<] =12

£ 1 -
x=14
0 5 10 15 20 25

v {THz}

(a) Wurtzite




cubic— BC,N: 2"d hardest material ??

Sun, ...Louie, PRB, 64, 094108 (2001)

420 alloy config.
(8-atom cubic cell)

Chen, Gong, and Wei,
PRL. 98, 015502 (2007)

|

7 sym. dist. config.
(8-atom cubic cell)

* (111) super-lattices
config. are more
stable

& Theyare also harder
o than c-BN




cubic— BC,N: Bond Counting Rules

»
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