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Multi-scale Asimulation of material behaviorns
Aincluding chemical rneactions

lassical MD

‘Thermal Noise, Mechanical Loss: A senious probLem grom the LIGO pr
‘Crhack propagation and hydrolytic weakening in Si0,
Chemo-mechanical processes



Quantum modeling forn materials
propenties
Density functional theory with general gradient approximations:

A state-of-the-art method for first-principles material ssmulation

with chemical accuracy
The Kohn-Sham equation for a system with periodic boundary

condition iswritten as follows,
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Molecular dynamics (MD) method

IR V(R }()

dt”
R: Nucledi position, p electrhon density, in general, one solve the
whole wave function to get enengy and forces. In classical MD,
we neplace U by empirical gunctions

Van Beest, Kramen, van Santen (BKS) Potential for S0,
PRL 64, 1955 (1990)

CLassical MD
~10% -10% atoms
MD({rlj }) Z (rlj “nano-seconds
i<j Good gorn obtaining
a.q. b, C statistics, but accuracy
Vij (rij): — Aje i _ —g is Limited by enengy
I functions

I 1]
A,b,C,g: potential parameterns forn Si-Si, 0-0, & Si-0



Modeling and Simulation --
What we can do and what to expect

Quantum Modeling -- based on density function theory
Electronic Properties: Energy barriers, dielectric functions,
Young's modules, Poisson ratio, effects of dielectric doping,
parameters for

classical simulations,

Classical molecular dynamics

Mechanical and thermodynamical properties, structure: Young’s
modulus, Poisson ratio, thermal expansion coefficient, thermal
conductivity

New development: Hybrid Quantum-classical simulation
Embedding a qguantum model cluster in a classical environment
for better description of energy barriers.

Challenges: Accuracy in energy barrier, quality of classical potential



Quantum caleulation of crystal

propesrties
a-quartz' a-cristobalite [-quartz p-cristobalite
a(s) EXPTL 4.92 4.96 5.00
a(s ) SIESTA 5.02 4.93 5.18
a (A) PWSCF 5.06 5.13 5.13
c/aEXPTL 1.10 1.39 1.09
c/aSIESTA 1.41 1.09
1.10
c/a PWSCF 1.11 1.40 1.09
E: (eV/SOy,)
EXPTL 19.23 19.20 19.18
SIESTA 21.34 21.30 21.29 21.13
VASP
PWSCF
(a)-(d)
DL’ o A %V}».WJ a—quartz,
-0 Y Y Fawaw o-critobalite,
o 8o o A A Nl B- quartz

B—
cristobalite.




Amorphoussilica

The amornphous silica
bulk s obtained by
annealing o the
Liguid glass §riom
§000K to 300K.

Hugg et al, J. Non-Cryst.
Solids 253, 133 (1999)

A 104-atom sLab 5
wsed to simulate the
Aungace.

Density, patir-
cornelation gunctions
ane in agheement with

expesrimental data
Weight J. Non-Crhyst. Solids,
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Pain-comnelation guncts
o4 bulk amorphows A4L4c




Properties of amor phous silica surfaces

® In the absence of Atrhain,
the Si-0 bonds ane inent to
H,0 and NHs, eftc.

® Strhained Si-0 bonds greatly
increase the reactivity by
creating acidic and basic
adsorption sites on silicon
and oxygen.

® Reactive sites (surface
degects) play crucial roles
Ain the sungace cornrnosion

® Two-membered-ning (TMR) .5
a surgace degect with high

abundance
Watern destroys TMR, heating abo wﬁr,ss%quz 95
500 °C nestones the TMR, Amﬁaaéz 235‘(7 i 6&}‘ ctodbe S
dehgdfwxyﬁauon a‘d JPC B105, 8007

12001) B—anAIobaZAIe model



Results: Fracture Posnt Snapshot

Comparison between amorphous systems

Bulk Fracture

Wire Fracture



The Problem related to LIGO:
Coating Thermal Noise

Relaxations of glasses affect:

@ Neutron and light scattering @ Sound wave
attenuation @ Dielectric loss

A direct relation between a microscopic quantity V and a
Mmacro-scopic measurement X" is (wiedersich et al. PRL (2000) 2718

.. T 2nvr
O o V )dVv
£ (V) Q '([1+ (var)z g( )

X (V) . light scattering scattering susceptility,
V: barrier, Q1: internal friction
g(V): barrier distribution, 7. relaxation time

Thermal noise relates to Q via Young’s modules, Poisson ratio,... G. Harry et al.

Class Quantum. Grav. 19 (2002) 897-927 Recent reference: G.Harry talk in
LIGO/Virgo Thermal Noise Workshop October 2006



Quantum calculations of slica

Energy barrier of rotation (model I)
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Bavuien distruibution grom classical MD

— T BLue: Bulk
T Red: Sungace

Green:

g(V)=V; exp(-V1V,)
V, = 8eV
~319 kT

Wiedernsich et al.
84, 2718, PRL (2000)




Calewlated Q' vas. frequence

01 F __ Sokid: 300 K

i S Dashed: 372x300 K
I Y BLue: Bulk

' Red: Sunface

0.01 - .

Qfl s ; Conclusion:

Tfh—Hh““’ﬂﬁﬁﬁ__ﬁﬁﬁh’rrf_i“\\ Bad compared to
hhx%ﬁfpﬁf;hﬂ#ﬂh_ﬁfiﬁﬂﬂhm_ﬂrhxx\\ expesriments !

0.001

1 |||||||| 1 |||||||| 11 ||||||I 1 |||||||I 1 |||||||I 11 ||||||| 11 ||||||| 1 |||||||| 1 |||||||I 1 |||||||I 1 |||||||I Liiun
1 10 108 108 104 108 100 10 108  10% 1010 1pit 1012
v [Hz]

Improvements

Relaxation duiing barviien caleulation
Locating all possible Low barviiers
Improving potential enengy gunction
Improving statistics

ALso: Investigate hydroxylated swigaess




Ta,0:: Structure

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.

A high-temperature structure for Ta,Os with modulations by TiO, substitution
Makovee et af. Journal of Solid State Chemistry 179 (2006) 1782-1791



PLAN: quantum caleulations o4 Ta,0. + TiO,

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.

Optimized Ta,0; high-temperature crhystal
sthuctune (via DFT). High-T structurne L5 closen
to amorphous structure, a bettern model than the

Low-T one. . .
SMuctu)yLLe and mechanical properties of pure and doped Ta,0,

Effect of Local chemistry on Young's moduli, Poisson ratio

Sxl( )= 2kpT¢hegr( ] —-.'::r2];'I:N.ﬂr3""2Jr"'i'_r,'}"’]~

petr = ¢ +d /(W mwY ((Y/(1 — o) — E{TE}?FHJ"ILFJ_“ —ah)(1 — a1
+ Yo (1 —2a) /({1 —a)(l —a )¢y —¢L)
+Y Y1+ 0)(1 =20)/(Y(1 —af)(1 —0))gy),

G. Hauwy et al. Class. Quantum Grav. 24 (2007) 405415



Simulation Milestones

- Examine properties of silica using the current model and
compare with existing experimental measurement on SiO,
bulk and surface, extend our investigation to silicates.
(Advance LIGO)

- Investigate the effects of coating and dopant materials
used in the LIGO experiment, and understand the change of
physical properties. (Ta,Os, TIO, HfO,,Nb,Os,..titania,
zirconia lutetium doping...) (Advance LIGO)

- In collaboration with experiments, seek for new coating
materials that have optimal combinations of low thermal
noise and optical absorption, computer-aided material
design (beyond Advance LIGO).
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