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Role of structural disorder on the mechanical properties of amorphous materials?

Imaging Atomic Rearrangements in
Two-Dimensional Silica Glass:
Watching Silica's Dance

Pinshane Y. Huang,* Simon Kurasch,2* Jonathan S. Alden,** Ashivni Shekhawat,?
Alexander A. Alemi,> Paul L. McEuen,>* James P. Sethna,’ Ute Kaiser,? David A. Muller“‘f

P.Y. Huang et al. Science (2013)

Copyr. Entre Terre & Talents

Heterogeneous and non-periodic material
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Very hard materials

= Theoretical Maximum Amorphous Metals
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G. Kermouche, E. Barthel (2015)

Micropillar in pure silica glass
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What happens inside a disordered material ?
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Heterogeneous response & Localization

E. Kolb et al. (2008)
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Heterogeneities and force chains allow supporting strong loads

018t
016}
014}
012}

01p
0.08

0.06

Engineering Stress (MPa)

0.04}

0.02

P. Reis et al. (2019)

1 15 2 25
Stretch

Example of amorphous polymer
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Local rearrangements may organize progressively along shear bands

€=0.14 %

A. Amon et J. Crassous (2008)
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This behaviour is composition and loading dependent

Quasi-static
Shear flow Densification indentation Impact velocity

(0.2 mm/mn, 69N) (410 mm/s, 562N)

Anomalous glass

Soda-lime glass

T.M. Gross et al. (2013)

indentation scratch

T.M. Gross et al. (2008, 2009)

100 pm 100 pm

I
‘ 100 pm |

(a) 60% Si0; 20% Al,03 20% CaO; (b) 80% Si0, 10% Aly05 10% CaO; (c) 100% SiO, Bulk Metallic Glass V. Keryvin et al. (2008)
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Scratchitti — New York metro
(courtesy of G. Duisit)




P
o LaMCoS

G eﬁ Unité Mixte
<y de Recherche
5259

-

UNIVERSIT= D= LYON

<

L_aboratoire de Mecanique des Contacts et ders J tructurers

This behaviour is composition and loading dependent

T=25°C T=300°C T=600°C

0.001 st

Yield Stress (GPa)

300 600
Temperature (°C)

25% Strain )
15% Strain

p>2.35
g/cm3

-1
s 40% Strain

14% Strain

Pristine

12+
10
8
6 1s?
4
2
T 0 T T T T

T T
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15 0.20 0.0 0.1 0.2 0.3 04 0.5
Engineering Strain Engineering Strain Engineering Strain

0.001 s
~ 0.001s

Engineering Stress (GPa)
(9]
|
Engineering Stress (GPa)
Engineering Stress (GPa)
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Applied strain

brittle

4 ductile

Permanent (mature) shear band

Global localization / Very strong pinning

Elementary (embrionic) shear bands

Percolation / Critical phenomenon / Yielding

Isolated Eshelbys

Reversible elastic , | 1/P, 1/shear rate, 1/T, aging, damage (defects),

Size L, Free surfaces...

A. Tanguy (2021)
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In Amorphous Materials

» What are the microscopic sources of mechanical deformation ?

» Is it possible to define Phonons ?

» Is it possible to quantify Thermal transport ?
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In Amorphous Materials

» What are the microscopic sources of mechanical deformation ?



£LaMCoS

&9

F. Léonforte et al. (2004)

Unité Mixte
de Recherche
5259

L

R
A
NGy S\
P o
LAk
AN

J

<\
%

™

=
N

~

%
i,

4‘
)
N

i
N

Response to a Point source force
(inverse Green Function)

y—

N
KN
N

N
Son NI

VAN N

o DY) 229
CNA O ]
NS

Atomistic Modeling of a 2D Lennard-Jones Glass

A
S
AV

>

Force chains

LYON

Heterogeneous deformations

Rotational Motion
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Non-affine displacement field

Affine
Dispalcement

u

Y hon—affine Initial
Position

® a ® Non-Affine

Displacement

Total ®
Displacement Final
Position

J.R. Williams et at. (1997)
G. Debrégeas et al. (2001)
A. Tanguy et al. (2002)

B. Doliwa et al. (2003)

E. Kolb et al. (2003)

A. Lemaitre et al. (2004)
E.R. Weeks et al. (2006)
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Characteristic lengths in amorphous solids:

Imaging Atomic Rearrangements in
Two-Dimensional Silica Glass:
Watching Silica’s Dance

Pinshane Y. Huang,1 Simon Kurasch,?* Jonathan S. Alden,™ Ashivni Shekhawat,’
Alexander A. Alemi,® Paul L. McEuen,** James P. Sethna,® Ute Kaiser,? David A. Muller**t

-40 -20 0 20
A. Tanguy et al. (2002) P.Y. Huang et al. Science (2013)
M. Tsamados et al. (2009)

Heterogeneous displacements
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with equality only if §([) =(&

F T I T I T I T -
0.0~ — 105" ||
I — ¢ 10"Ks"| |
0,04 .
0,03~ Quenching rate -
0,02} .
TABLE II. Comparison of structural properties for A-Si for dif- 0.011- |
ferent quenching rates with A=21. i 1
Property 10" K/s 10" K/s 107 K/s 10 K/s 0 ’
Average coord. 4.08 4.12 4.19 4.39 20,01 ) | ) | ) | ) _|
Average angle  108.81 108.50 108.1 106.96 0,035 0,04 0,045
Apele Devy 11,92 13,69 1552 19,46
C44 (GPa) 3424 3204 2998 2766 Low Effective Elastic Modulus (Reuss, 1929)
b PRTEE HES TE HeS T when large dispersion of local elasticity
v 0.347 0.362 0.374 0.392
Density (g/cm®) 230277 232238  2.32238  2.32238

Pressure (GPa) 0.638 1.34 1.019 —0.8787
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(1] [Ciin Ciizz Cuss Cuss Cum Cuiz| [ en | Linear Hooke’s Law
022 Coa11 Co22z Cozzz Cozaz Cozar Chono €22 21 unknown parameters
033| _ |Cssnn Caszz Cszzs Cszas Cszar Chsin| | ess
T23 a Cosir Cogoe Cogas Chzas Chgzr Cogio 2593 Best reliability
T31 Comn Cnze Caiss Caizs G Canz|  [22a) petween local stresses and local strains.
712]  [Cran Crome Chass Chzss Com Ciz]  |2212]  Local optimization with 6 different deformations
Coarse b Linear Elasticity
Graining
Lengthw | o 5 10 15 20 ~
Hooke’s law NO YES YES YES YES

Homogeneity

<e>@)-22 0. NO NO YES YES YES
o 25
AC 0% NO NO NO YES YES
<c>
Isotropy NO NO NO NO YES
24 0%
2p
Isotropic

i _ _ M. Tsamados et al. (2009) Elasticity

-0 40 -20 0 20 0 50
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Elastic Moduli in a sodo-silicate glass (1-x)SiO, + xNa,O:

100 \ 100
P, [atom/A™]
90 : 90
0.01979
80 80
- 0.01901 -
60 0.01822 60
=
50 = 50
0.01744 &
40 40
0.01666
30 30
B 001587
20 20
i 0.01509 W
0 0.01431 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
X [A] X [A]
100
3
90 Pra [atom/ A ]
80 0.01787
70 0.01677
60
0.01567 _
50 <
0.01457 >
40
a0 0.01347
20 o013
10 density Na+ 0.01128 Bulk modulus
0 LA e o A = I | 001018
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

X [A] X [A]

High loca Na+ density«» Low Elastic Modulus

G [GPa]

27.49
25.94
24.40
22.85

21.30

. 19.76

18.21

16.66

K [GPa]

54.06
50.14
46.22

42.30

38.38

5446
30.54
26.63

G. Molnar et al. (2016)
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; % Crack Initiation in a
5 / L sodo-silicate glass
) V4 N (1-x)SiO, + xNa,O: <
L/ ~
1 / //
0 —! . —"’/
o o o e wees e loosened density
density at start . (initial cracks) ; '\La density
Density map [g/cm? at Z = 0 . istribution at start
o T - 40,]-:)er.181tvy map [g/ Cm3] at Z =0A Density map [atom/A3 at Z =0 A
30+ .'. ' ) ' 30 ;-
-‘h L 24 s0r ,h
| 20} b‘
g , 10t ‘
>: of 0 . 0 |

G. Molnar et al. (2016)
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Crack Initiation in a
sodo-silicate glass

Effect of composition: density profile at max. tractions €

.............. ;-7 density: 0.1 g/cm’

100 | 9% Na,O|.------- 30% Na,O ... .. L SEE
A C 100 |rreornor—-—T 7 - R

I : . ‘ . E -:‘ e . ) E

G. Molnar et al. (2016)



£ LaMCoS

o -8 tg Unité Mixte
de Recherche
5259

INSA

UNIVERSIT= D= LYON

W,

-

L_aboratoire de Mecanique des Contacts et ders J tructurers

2. Irreversible Plastic deformation

Plastic Deformation

0.5 T T

T U

03 N

02 -

xy

0.1

-0.1+H

02 | | 1 1 1 1 1

(Ele'rVnent\ary
Shear band (x0.4)

= o 3
. e 1
20NN "/fi:(":Z’i,(?/ AR
A o M N\ T\

\\\\v?:/\ NTE 2N \ NN ANV
SEPVEN "'\\~ \,{?\\\ FINN ( s

ISV RE” ASNARNNY e el

RO . y

LA\ v Can- d gy - e 1“/“

Ly

NN

Local shear irreversible
(x40) quadrupolar event

v

Non-affine reversible
displacements (x103)
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Reminder: Hill’s Criterion for Crystals Stability ( 1962 ) : Continuous Media

) 1
Helmholtz Free Energy  F }’}EF{X}H!{X}[ T/ X) i+ 5 Coim(X) gy + - - -

i

Stablllty Criterion min ( CijleiWkkjkl ) >0 T]U Q0 Wlk]
w ik} \ N Slip Plane

Burgers Vector

Energy Barriers
25 T T T T T T T T T

1IN Amorphous materials: Atomistic description

] 0%u
Hmi—t (6,6) = = ) M g (1)
] J.B

>
£
w : af azEtotal
< lwith MYP = ———""Including external forces
01, 07;
iaV'jp apB
M.
. . iwt _ aB _ 2l
0.0025 0005 K(?_"l)e = \m; E(ZL' t) ) DU = mimj

q00 L
NEB image number

A. Lemaitre and C. Maloney (2004)
T. Albaret and D. Rodney (2018)

V ®— 0 Instability

g
N
1<
Il
|
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Glasses vs. Crystals

‘) -
crystal = | 10000 ‘
.s/ Fe81.1C13.8S8i51 .
|
s S o\ Fe8oPy2.5c7.5 -
E j | Ze65AI7S 1&3&0 (@y % s
" Pd40Cu38Ni10P20 - L N0
_ ZeSTTiSAeCuRON— 53
= LaS5AI36CY10 e ™ LM2—/ ©
B 1000 e i ALLO
S 1000] LTS s
*é = Lassal /3 o o ]
= &R
) ) 'j LaSO0AIZECu25 "g? {. " :
Dislocations 2 o g MOTS A ’ Very high
e = ] mechnical
: (@) 1093 hardness
Amorphous- métals compared
- with conventional alloys:
Strength and Modulus
10 o | il
10 100 1000
EShElby (1957) Young's Modulus (GPa)
Lemaitre (2004) M.F. Ashby (2006)

Albaret (2016)

Local Eshelby inclsions
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T. Albaret et al. (2016)

shear stress
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Eshelby-like Inclusion
21 — . e
— oo O, = Ocy, + O}
YT Y Go.zs 0.3 oh M (y) = 26(7 Ve 7) £ (7)
Y shear strain Vi
6o,, =2G(y)de,, —2G(y)de,, - o))

T. Albaret et al. (2016)
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Sensitivity to Composition and Pressure
The example of sodo-silicate glass

silica (x =

I | I L I |

0 %mol)

Mantisi's work

10 20 30 40
Applied shear strain - ¢ [%]

« Linear Elasticity »

Equivalent shear stress - & [GPa]

| b) ’a‘__p -2 Gla

R

-2 GPa (softening)

il '

A |

0 10 20 30 40 50
Applied shear strain - £_ [%]

Plastic Plateau

A\

UNIVERSIT= D= LYON

Z "

G. Molnar et al. (2016)
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Sensitivity to Composition and Pressure

8
Loa.) silica (x = 0 %omol) 40000 o P —— 040 .
Fia) ™ NSx5,p=- a L
7T antisi's R e NSS, p= 0GP ~ L ;
Mantisi's work T o[ s NS§;,£=SGP: 2 035 | W™ ™
6 :_: 25000 L;‘f"‘w‘pﬂw“ ;f' 030 -
U T ~Number Sl A
5 B 15000 - ) [ ‘
e -ofevents 3 y
A P Ay 2 10000 - g 020 - . —=—NSx5,p=-2GPa
pnd o et S| = = o NSx5, p =0 GP:
4 5 E o AmpIItUde a Ns:5,£=5(j[’:
4] —v— NSx30, p=0GPa
P R O I RS BN NP RO 010 [ [ R R R
3 0 5 10 15 20 25 30 35 El 45 30 0 5 I1] ° poken o i} i5 a0 45 50
Global shear strain £, (%) EM '..\ L4 (%)
) - Rk
s ;(c) ; e o < ° S —=—NSx5, p=-2GPa
= : NSx3, p=35GPa Apa o via T"]‘_\ | —e—NSx5, p=0GPa
1 = 70 | s . N —a— NSx5,p=5GPa
= pl =" F f 2 —v—NSx30, p=0 GPa
I ° ?Pa g r g - Composition
0 g 60 Kt £ N ”
0 10 20 30 40 50 = 55 [ 2G —=—NSx5,p=-2GPa LSJ 12 ke’ \
Applied shear strain - £ [%] 2 o0 —NSp0ah |2 et m
xy T [y NSx30 —4—NSxS, p=5GPa & NSx30 O ema Wl
fom A S .‘,"' I T LT Z : 45 = —r—N5x30.p=0GPa E I . S
TR a0 Bt T N AR """(A) an T T R R N R T R z PR TR BN B N B
80 — i e 5 T e S A 0.00 0 5 1015 20 25 30 35 40 45 50 0 5 w15 200 25 30
) st Bttt niog 2 ) 0.10 Global shear strain £, (%) Global shear strain £,
| l e 2 0.20
b astic event~_ i i 1
R 030 Na-rich plastic events (different stages)
< T 0.40
= 40 _ : 0.50
B 0.60 Composition controls the number of events
0.70
20 —
0.80
. 0.90 Pressure sensitivity of their size, and amplitude
0 ' T 1.00

G. Molnar et al. (2017)
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Sensitivity to Composition and Pressure

. Densification - > Shearas % Na,0 /
=8 -,_,\ 5% Na,0 s [| 15% Na,0 — s | 30%Na,0
£ L _ = £ L
7 N £ 7L
= L = H Yyield surfaces =L
» 6 — . 0 » 6 —
Sl e L I
Es [ S5 - ff&“ Es -
= T z = T
E3 Z3 3 -
s° [ elastic = L elastic N \\ e 57 [
=2 i ] L A = T -
2 r EF x - ' = . T g . 3 N al
o] o g"' — ’ e - \ W |1 \{IIH \ [';:; = 00
L [ m - = | L + elastic 2
D i | 1 | [ | 1 | 1 | 1 | 1 | 1 | III | 1 || 1 {} | 1 I. | | 1 | 1 | | | II | 1 lI|| [ | 1 | 1 .G | | | 1 | 1 (!; ‘:’ | 1 L-'l IF":l 1 | :JIJ| 1 | 1
129 -6 -3 0 3 6 9 12 15 -12 -9 6 -3 0 3 6 9 12 15 -12 -9 -6 -3 0 3 6 9 12 15
Pressure - p [GPa] Pressure - p [GPa) Experiments Pressure - p [GPa]
equivalent shear stress - g 300 , . .
% Adapt the L (h) micropillar compression
250 |
@ (4) — | =~ Remmouche etal. (2008)
3) —L— param eters Of -é . present work -
oy the yield SIS g ety
¥ 1 _-_-.'
surfaces to g = .
experimental g0 - . = ﬁh,_
A at 2 A ! &
¥ constant results 2 50| £ % = G Kermouche.
density 6) 0 g . (2022)
L] S04 100K 153000 20O

pressure - p

displacement - & [nm]| G. Molnar et al. (2017)
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—_— ) S
s 5 quasistatic
e 4 Herschel-Bulkley (1926)
o)
3 '
> 3 \
@ >
Q
S 2 [}
77777
1
O . 1 1 1 I 1 1 1 I I . .
0 20 40 60 80 100 120 140 160 180 200 ®
shear strain (%) ®
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Sensitivity to Strain rate

Flow Stress in a Lennard-Jones Glass:

T T IIIII| T T IIIII| T T T IIIII| T T Iil'lllll T T IIII-:_____.
1y == | ~ Herschel-Bulkle
10°F  glassy phase " - 4
Co/) = . _ Al
: =5 1 | 0 =0y +Cy
7 e P 0 | n<1 shear thinning
E - /g/"r’f Temperature n>1 shear thiCkenniﬂg
P10 BTS2 7 e O 02 04 o8
:’. m /."J P 0_04EIIIIIIIII|IIIIIIIII|IIIIIIIII|II
| — | —O // ”"’ < 5 |
)] L D /f, y . i_.-th""'--.._\__\_ g]aSS 7]
ﬂ-’ - '5 ra % i ,’ 002 E "'@_‘9— -
% R S y : SN 0 = ]
) _ S i
102 S S 4SS 002 A S
| @ RN 3 liqud &
C \/ ¢ 3 z:f:"\,/ '004 S \ .
L ’ AN s E -
_I 1 | - IIIT 1 1 1 :J‘:lerl 1 1 1 1 IIII| -DI.OIB;P_I 1 III| 1 1 1 1 IIII| ]

10 10™ 10~ 107 10”
shear rate F. Varnik et al. (2006)
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_ Sensitivity to Disorder
Example of shear banding

in a contact problem

lﬁ

10X €0y
1,9X €pax
E Emax (HErtz)
Z
)
e(i) > €9y, (i) : plastic eve -
then : g(i)= e(i)+de 0.5X € §’ &
with stress redistribution . T
Q ()
o 2
F\;ando_m thgeshold: 0.1X €y .8 5
€ thresh(l) = €%resh T+ Q'ran(l) A <
— nstep

with initial surface defects
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Conclusion Mechanical Deformation

Inhomogeneous reversible elastic behaviour ssmmm) | ower effective sound velocity

Localized plasticity ——> Low dissipation, sensitivity to local structure
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In Amorphous Materials

» Is it possible to define Phonons ?
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Phonons = (quantum) vibrations in crystals

stresses o o

equation of motion (momentum conservation):
62

=0 ﬂo +Ared, ; +2u.e,,

=(A+2u).grad.divu — grotrotu + f

g=@(¢)+r_0t(z)

Longitudinal modes:

¢= CLZ.V2¢, CL — M

Yo,
27
@, =C K= cL.T.\/n2 +m? +1°

Wave vector K

k:ZTﬂ.\/nszszrl2

Transverse modes:

w=c’'Viy, ¢, = ¥ <c
o o P

Vibrational Density of States:  9(@) ~ 3;
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1. Vibrations in the Harmonic approximation of Energy

What are the Eigenmodes in Amorphous Materials?
Vibrational Eigenmodes in Amorphous Materials: the example of Amorphous Silicon

82 total ~ Maﬂ f : af3 1 azEtotal
m. (r,,t) Z«/mm ort)+1. (1) with M2 =
B - on,0or
( )E —U /\/ e" Dynamlcal Matrix: Eigenvectors U, elgenvalues co2
1 ‘ (1 —aY Ly (1 —a) ! ®  stillinger-weber
Et0tal = Z(i,j) f (r”) +zi,j,kA' COS(9“|( +— -e)/(r” a)- #7{1=2) » Interatomic interactions
soft modes diffusons | | locons
(a) v =0.59 THz (b) v =2.67 THZ (c) ¥=9.95 THZ (d) v =17.39THz
e — — I t‘ ,"1‘ .,'\\‘: T~ ,‘ --é"'k‘ 1_--1‘; B __, Tt " ,‘f:- s _(.f--.‘_-: e ll{'_'-",
_ _,‘/w.a, . PEL 20 SRR IR PR s N7 "3"71‘\

Conversmn to thermal energy and viscous dynamlcs Y

'\ .
\‘ ‘.—'.: ._". AL .:. \ R "..L— : — T e ) \}-’ I~ K . . ‘ | ;
| -1 ot - “.u ,- '_. .--L.’l_ - B __’.‘ ot L w ,.z.-
} P.B. Allen and AT e I e e e TS
1 " ::ll‘.:_lf.:_ < ’,"_._:, r'J-:‘ }-, | .a‘ ; 'j 5._) , . LN .
L J J.L. Feldman (1999) ERRRST RIS SN [ N ORI
= T = ¢ = 1 - P T P SRR TR S -d"l : , '\_"-' -
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What are the Eigenmodes in Amorphous Materials?

Vibrational Eigenmodes in Amorphous Materials: the example of Silica glass SiO,

mi.a;ua (r_i’t):_ total ~ Z\/mMaﬂ (r_’t)_|_f (r_l) Wwith M__Ofﬁ _ 1 a@rzEat(:al

2
u (ri,t)sri(t)— /\/76 Dynamical Matrix: Eigenvectors U, elgenvalues 032

Soft Modes Diffusons

R a - e P.B. Allen and
N. Shcheblanov et al. (2015) J.L. Feldman (1999)
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What are the Eigenmodes in Amorphous Materials?

Vibrational Eigenmodes in Amorphous Materials: the example of Soft colloidal gel

{w=3.1-10%rad/s | o hs e w=3.5-10%rad/s [ 0 wet i " |w=83-10%rad/s}
B, /5 .
¥ s ‘. L

O. Dauchot et al. (2010)
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Vibrational density of states (states/cm™)

Glasses vs. Crystals

INSA

Vibrational Density of States
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,///

0.06 -

0.04

0.02

0.00

T T T T
Bulk crystalline

Crystalline group close to interface
--------- Amorphous group close to interface
Bulk amorphous

£ . : . ,
03 | Bulk crystalline
—~ 0.00 | i o

a-Si j

Spatial frequency (cm™)

A. France-Lanord et al. (2014)

Vibrational density of states (states/cm

L
6 A
4A

12A

Spatial frequency (cm™)

.- 13 f 4 -.'
- 1 1 A ;1 i ] 2 A
_M o A
I » y A7
—l—a—— 7% “d S EL
1 1 ;, { - ; 6 A
@ L
0.96 ; - 7, ;L 8 A
0.03 | Bulk amorphous b
[ & Ta W
0.00 . 1 1 L V) s -
0 200 400 600 Structure
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Glasses vs. Crystals

Vibrational Density of States

ambient glass vs a—quartz

'—C}—a{quartz '
154 @ ambient glass (ﬂ)_

Vibrational
energy

0 5 10 15
Energy (meV)

—O— a-quartz {b)
41 «» ambient glass

Fp— | Boson Peak

0 5 10 15
Energy (meV)

L. Lichtenstein et al. (2014) STM A.l. Chumakov et al. (2014)
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Glasses vs. Crystals

Vibrational Density of States

Soft colloidal gels / granular media, above the jamming transition

— 1X10.e ! ' 2| T T T T T
8 8x107} : :
% ox10" A Packing fractlon\
2 4x107} 1.5 |
Q 7
2x107}
0 B
0.4t 51 l

p(w)

0.1f ( participation ‘;
b ratio
0oL . :
10 10 10

 (rad/s) 0 | I‘.“.
0 0.5 1 1.5 2 25 3
Camera E\l - Trigger ®

% S AN O. Dauchot et al (2010)
A === M. Wyart et al (2005)




Z

&
£ LaMCoS

. G@ Unité Mixte
de Recherche
5259

INSTITUT NATIOMAL -
s UNIVERSIT= D= LYON
LYON =

INSA

S
S

L_aboratoire de (MTléecanique ders Contacts et ders S tructurer

Glasses vs. Crystals
Vibrational Density of States

Imaging Atomic Rearrangements in
Two-Dimensional Silica Glass:
Watching Silica’s Dance

Pinshane Y. Huang,! Simon Kurasch,?* Jonathan S. Alden,** Ashivni Shekhawat,?
Alexander A. Alemi,? Paul L. McEuen,>* James P. Sethna,® Ute Kaiser,? David A. Muller**t

Inhomogeneous strain

Lower effective
sound velocity

A. Tanguy et al. (2002)

Heterogeneous Elasticity

W. Schirmacher et al. (1998)
A. Reuss (1929)

P.Y. Huang et al. Science (2013)
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Dynamical Structure Factor in a-Si:

S.(d,0) = [e"*( p(a,t).p(-0,0) dt

Damped Harmonic Osc fit:

A
SL1lg,w) = :

15

| I
Sound velocities

(b)
0 5 10 15
1

0
0 5 10 15 20 25 0 5 10 15 20 2

30

Ot

1 1

¢, nm ¢, nm q, N1 Y. Beltukov et al. (2016)
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Dynamical Structure Factor in a-Si:

S (g,w)= j' e ' < o(q,1). p(—q,0)>dt Y. Beltukov et al. (2016)
Damped Harmonic Osc fit:
*S‘L,T(Q'C"’!) — (L:JQ -
Y longitudinal . 15 |
F — longitudinal 15 T
i — transverse :Elf]’ £ Mean-free
I il Path
§ 10§ % 246 8 10 /. =v_|T
. S ] X g
= L cr, cL, km/s 4
‘g. L % i
~ 7. — /2| loffe-Regel
; X criterion
3
Weak scattering | ”1‘0 Strong scattering
v, THz
0 .
0 5 101520 25 0 & 10 15 20 25 30 Scatterlng of Transverse

¢, nm ¢, nm and then Longitudinal waves
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6 ]
& =&, SIN(wt)
& T =17,SIN(wt + 9)
2
Elastic Modulus
0 /
7 =G'(w).g,.SINn(wt)

-2 +G"(w).€,.cos(mt)
-4 : = . \ Loss Modulus

-0.005 0.000 0.005 0.010
Applied Strain

G" o Dissipated Energy 1 fOT(P)(t)é(t)dt
G' Stored Energy W fOT(p>(t)g(t)dt

T. Damart et al. (2017)

Internal Friction tanéd =
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mix; = — Z Di‘ﬂ R‘B Z D — m;yxi HHFy,
B
Projection on the Eigenmodes: Thermal Force
B 8 B . + related local damping
S; = /mjx; = Zs,,,fj (m).

I

- E .
Smo= Cip€ — W, Sm — VSm + Py

Cm
{Slﬂ}(m} — E 2 . E(m}
mm — W + ! }*’l"l.]
{I.ﬂ i¥ f[.’ﬂ] Pressure R AL
m Z D R : Oy 5 10 15 20 25 303540
. .-"H'IJ' induced by Frequency (THz)
tarjp the eigenmode




,’:‘ ;\.
‘“r &

z
-

INSTITUT NATIOMAL Z

Q\L a M C O S INs N e UNIV=RSIT= D= LYON
Unité Mixte e S
de Recherche X

5259

L_aboratoire de Mecanique des Contacts et ders J tructurers

Pressure C_, induced by each eigenmode, for an applied isotropic compression:

e’ (m)
Z =i N

5 10 15 20 25 30 35 40
Frequency (THz)
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Generalized stressC% Asymetry factor or Non-affine force
m . .
induced by each eigenmode: for an applied shear strain:

Oﬁﬁ_ ak pb ﬁ?faﬂ
UZK[DR DR]\/m_j

== Total VDOS

e 5i-0-5i Rocking VDOS

== 5j-0-5i Stretching
==s 5i-0-5i Bending

©
o
o

Vibrational Density of States

©
o
o

0 5 10 15 20 25 30 35 40
Frequency (THz)

(MeV. THz?)
o
o
v

Applied
Shear strain

2
m
r

C
&
o
N

0.00+

10 20 30 40
Frequency (THz) Eaﬁ ;==

> (DI Rl + DI RY)
]
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Internal Friction

u'ﬁ o o o o
3V ZD u_ )rfj rio = (I + )Ry +x;
i N
2 . .
. 0 B pa non-affine displacement
P=-3K E—{—L—ED, R¢ x”
b PrOJectlon of the displacement on the eigenmode m

(P}(w] —%ng(m +g—%zcm Sur}[fﬂ}

Pressure induced by the eigenmode m

2 2 ;
Wy, — W +I]"m \

N

1 2
G—(a)) = Zm Cm (Wﬁg—wg))g-l-(l/w)z

1 oV, w—,—wz
G (C()) TO KOO Zm n? (w 2_)2—|—(ya))2

with (.5',”}[60} —
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G "(C()) Zm CHI w2 —(92)24— w)?
tan5:—G():9V S JHYOr
' 4] 2Y0 oo 2 Wiy — W~
2 K Ziﬂ, CH? (w?n —w2)2—|—(}/(9)2
m 300K “ Internal In the harmonic approximation,
10. © G.Baldi, PRL(2010) ~ Friction. the internal friction is due to the
® A.Devos, PRB (2008) - sensitivity of the stress on
| - = _ the local shape of the eigenmodes
Cé) 0.8 S(q ,0)) — ", P g
S . Attenuation [, _ | Inglasses, the non trivial shape of the
T'/o (DSF) f eigenmodes explains its
04| - O _ non-monotonous frequency
e - I dependence
0.2 ”f}\i °
| (55. = Comparable to the apparent Mean-free
o P ] path below the loffe-Regel frequency
107 10™ 10° 10’

Frequency (THz)
T. Damart et al. (2017)
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F. Lund et al. (2012)
T. Damart et al. (2015)
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0.6
=111 THz t=—10Tps =221 THz =-1.07T¢ »=3.31 THz t=—108ps e v =18 THz t=-201ps
. 0.4
" o8 030
206 .03 . . . 0.25
Random orientations |
H & &
g 04 Zoa2 g
B o 2015
0.2 ]
o 01 0.10
01 bl 0.05
0.0
=200 —100 0 100 2001 00 0.00
o —200 —100 n{ 100 200 0.0 = = S o0 200 TS40 30 —20 10 0 10 20 30 40
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Ballistic Regime Mixed Regime Diffusive Regime Localisation
Propagons (Boson Peak) Diffusons Locons
0 << QR 0 > OR Y. Beltukov et al. (2018)
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Wave Packet excitation

_2:_6%‘]?;Hz S -2| . _
SR 10
4 i Wave packets are

T Le T T supported by a
! o ] combination of

W ) Normal Modes

localization | '

Al Y. Beltukov et al. (2018)
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After-shocks in the Mixed Regime

v =22 THz

T

0 2 4 6 8 10
r, nimn

Energy density (arb. units)

1071 | Diffusive 1
ekp(—t/7) Ballistic '

0 5 10 15 20 25 30
Time t (ps)

Y. Beltukov et al. (2018)



'“r'\:) !!5E$
oV i 2
/ N 2o ‘ INSTITUT NATIONAL Z
q\l_ a M C O S e INSA s UNIVERSIT= D= LYON
. i3 -
‘e Unité Mixte L S
: de Recherche S

5259
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10 0 The Ballistic Regime:
41.1 Thz Beer-Lambert Attenuation
_ &o r  (z—ot)?
' 22 l 1242
10! TU T oxe U T exe
12.2 Thz -
— D _
2 Pprop(m) = Epmp(:lf,l‘-/ﬂ} - 5 5 € =/t
: — —3.3 Thz T Texe
2 = %;f e — I
G S —_— e . . .
~10-2 \ ———— 44 Thz Diffusive Regime:
8" - - .
S 19-5 Thz Power-law Attenuation
= —6.5 Thz
= ] & x?
7l6 tFIIZ ffdjff(;g1 t) = 0 exp (:—--————-:)
' / ADt
8.6 Thz Dt
1073 . )
:g.ﬁ Thz max at t" == /QD
] E 1
. 10.6 Thz Pdiﬁ'(.'r) = Far (:E: ﬁ*) = 0 __
Longitudinal — ] V2me T
galomeeme {115 The
0 2 4 6 8 10 12 14
z (nm) Y. Beltukov et al. (2018)



9“! 1/
q LaMCoS

N tg Unité Mixte
de Recherche

5259

INSTI N

INSTITUT NATIONAL
‘ DES SCIENCES
INsA N as
LY

UNIVERSIT= D= LYON

~
S
<

Random Excitations and Diffusivity of Kinetic energy

D|ﬁu5|ve propagatlon of energy

sl

K 21
v 4THZ

Diffusive transport due to the
departure from plane waves

2.5
9
1.5
1
0.5
0"
t. p‘-,
_ ol | IV :
1. 2 :_:g_}g - a-Si
— = — A=21
g - — A=235
< . —— A =26.25
Sost o | ——A=40 |
S c | |
_ wj R%(t) = 2D(w)t
b) ]
0 10 20 30

7A

g = w/ er(nm™)
Allen and Feldman (1999)
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Attenuation Length
Comparison of Wave Packet propagation, to the Dynamical Structure Factor

10 . ——————— — = = Attenuation length (WP)

Pdiﬁ-prop(l):Pdiﬁ-prop(o) le
Mean-free path (WP)
(Beer-Lambert)

® Mean-free path (DSF)
4 = CL,T/F

T IIII\I

4

mobility
101

4 (nm)

Apparent attenuation (MFP)
of the Wave Packets due to
scattering in the Ballistic regime

100

Transportation of

Energy even beyond

the loffe-Regel frequency
(Diffusive regime)

-1
10 100

Y. Beltukov et al. (2018)
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2. Vibrations and anhamonicity

Eshelby Inclusion:

”‘f

Elementary Shear Band:

Dlsplacements

A single localized mode A. Lemaitre (2004) Superposition of localized modes,
A. Tanguy et al. (2010) on percolating soft zones
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In the plastic plateau

B. Mantisi et al. (2012)
N. Shcheblanov et al. (2015)

VvDOS
VDOS

— e
—t
100 200 300 400 500 600 700 300 500 1000 1100 1200 1300 1400 "100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

: R
rocking




A\

,‘\LaMCoS

‘” Unité Mixte
2 d«za Recherche

INSTITUT NATIONAL Z
DES SCIENCE o
A UNIVERSIT= D= LYON
LYON 3

INSA

W,

- 100
' ' : ——-si0
{ L )
0,30 Rlngs QQ_MA Sj o
T |
98 4 - — = Sij
. A~ Coordl--So
X 97 -
8 ‘ 2’ 96- \»\/\\/
= o] .
2 ; ‘ﬂ-{fmﬂj‘k T e i = e ] ) B basic i:> J \/\ﬁ\/'\/\\/‘
« | poatpooo FIe R e e 7] 95+ ]
s - 3] Very small variation
£ 5 4 T 1
= 0104 S 3_‘ ,\\/’-\ AT Y
' A . o ] PN T
ﬁw&’f Mﬁu&%w 3 2 5..--- ’
L 1 50-
1—_,/ 3 "/——\‘___,\_____\_\‘\"_h
T 3 il | | |

- rina size

3-fold rings 4-fold rings ‘ Total

B2 basic P B vasic B vasic
1 shear ' I shear [0 shear

Si-O-Si angle distribution

90 100 110 120 130 140 150 160 170 180 90 100 110 120 130 140 150 160 170 180 90 100 110 120 130 140 150 160 170 180
anale (Si-0-Si) anale (Si-0O-S1) anale (Si-0O-Si)



z
INSTIT

DES S CES
APPLIC 5

UNIVERSIT= D= LYON

A

£ LaMCoS

— Ere
5259

INSA

L

I D1 ' éxperimehtal R -
W1 490cm* Semi-classical =mmmme- I
T (ar32 stom (zg Eff(_act of Shear induced
) o = Irreversible Structural changes:
g r” ‘‘‘‘‘ ' ‘\“\ G__)
@ i . 7 _ _
2 o 5 Enhanced contribution of
s |1 Dt N S Stretching modes supported by
£ |/ 1 Boson Peak gooctw!  High frequency =
© ! I N\ band : - -
2 || : 1 | S Oxygen atoms, increasing D2 band
Y | LY Y

0 200 400 600 800 1000 1200 1400
Frequency—cm N,

Densified DAC silica 7.9%
Densified compressed
micro-pilar 8.1%

18

simulation

EXp

A Densificd o sscd micropillars
B Densified D

Raman intensity (a.u.)

C. Martinet et al. (2020)
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Elastic scattering
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Scattering Geometry
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Measurement of Acoustic Attenuation in Glasses

Inelastic Neutron or X-ray scattering

Is based on wave-vector assumption

Shield ™
| Sample
Axis 2
v [ Inelastic scattering
v e ——
[ Y .
I \ Direct beam
f - /28

| 1 ;_ lrf(n; 1
Analyser-Detector ;. W til_ ’ Damped Har
Axis 3 =0, B

Elastic scattering

Q

monic Oscillator Model

for the Dynamic Structure Factor

qw 7
. S1(4.0) -
o - LT Q-. w) = 2

(w? —wi 7(q))? + w?I?
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Scattering plane /

| eigenfrequenc .

JENITEQUENTY | | attenuation
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Measurement of Acoustic Attenuation in Glasses

10" ——rrrr T
Ny @ IXS (1620 K) . .
= UV inelastic
. ¢ POT (300 K) ] Ultrasound Scattering Inelastic
10 A BUVS (300 K) 3 and Brillouin Picosecond Neutron and X-ray
— Z 283?353000'(;() > Scattering Acoustics Scattering
E 10""4 Vv BLS(5K) J _ q’(D
: o TJ(1K) , E }\, —
S . N ] MHz> GHz 100GHz=> THz THz
= 1010_E e 3 g<<0.1nm? q~0.1-2nm g>1.5nm?
E’ @ A~um A~1-50nm ~nm-A
L - ‘e 1 ~
E 10°3 ‘/ 19 Inverse Attenuation Time:
S | 1
o 8 Jd 2. 4. 2
» 107 ~ % © [=—xo’ 0o
1.7 3 T
107 I'=1/t ] '-c_as
] v 4 . .
. v @ Origin of the frequency dependence
6 . . .
101010 YT © of the Acoustic attenuation Time:
Frequency (Hz i i
| quency (Hz) Anharmonicity ? Low Scattering ?
IXS: Inelastic X-ray Scattering St Scatteri )
POT: picosecond optical technique rong scatiering -

BUVS /BLS: Brillouin Ultraviolet/Light Scattering
TJ: Tunneling Junction
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Experimental Results

AS’ LW =
LTl = ) T
10" — Ty T
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¢ POT (300 K)
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= 9 *
© 10 3
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o 8 &
o 07 &~ %
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] v
10° e
10" 10" 10"
Frequency (Hz)

G. Baldi et al. (2010)

Molecular Dynamics Simulations
at dn‘ferent Temperatures
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T
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2
T
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=
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H. Mizuno, et al.(2020)
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» (Anomalous) Rayleigh Scattering

150

' 100 |-

50 | A

" oc —k* In(k) for 3D

Structural stress anisotropy
Long-rang correlations

2 [YTONMY i
R A

b

of B
>
- !
R

)
- -
— A

——

A _ »
S S Lol e - 4 L s .
o o S e ﬁtw% A. Lemaitre et al (2016)
-120 0 -10 0 10 0 — —l - - s 060

0.04 0.10

» Anharmonicity on double well potential:

k
E E
Fermi Goldenrule /¢, =v /T ocl/ @ FAVAVA™S | ho=E ,l, N\
0 0

tteri t x
CAEOEAE ok ol
: Fr)] I 3 P. Anderson et al,
with tunneling C(T)ocT W.A. Philipps (1972)
» Scattering on Esheby Inclusions (plastic defect):
2
2,E pZT‘j:div(cE::g)n(g*) with f(z*)

depl Magnitude
0.000e+00 3.7e-12 7.5e-12 1.1e-11 1.498e-11
W i 3
F. Lund et al (2021)
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Effective modeling of Acoustic Attenuation in Glasses

10" ey i
g @ IXS (1620 K) 3 ) . .
T " : ES\T/S('S(%%&) ] Sound attenuation = Inverse Attenuation Time:
10 s 3
- v BUVS (300 K) i 1
—_ A BLS (300 K) P ] S 2. 4, 2
T 10"d v BLS(5K) 5 A I w,w,w
= o TJ(1K) , 4
2 7 ] . .
-% 10" . ] Effective modelling: two parallel processes
2 &
9 ] ‘e 1 -
S 10°3 18 Quality factor (0~1)
E v 8 7]
> A, N - _ CI)
C% 108-§ A OQ < C_U ? ((,()) - ((1), a,1q, TZ)
1.7 © r _ -1
_107_; FZI/T ] § w ((1)) - Q ((U)
] v 4 3
: 4 :
106 0 T ©
10 10 10 3 parameters:
Frequency (Hz) U nNq Uy .
IXS: Inelastic X-ray Scattering a=—,T7 =—,7, =— with a(T) /
POT: picosecond optical technique H1 H1 K2

BUVS /BLS: Brillouin Ultraviolet/Light Scattering

TJ: Tunneling Junction H. Luo, et al (2021)
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i 7 =30e+39s3
Ty =2.Te+13 st ]
XS %1%620%0)0 i B ] Sound attenuation = Inverse Attenuation Time:
o POT (300K) K L2
10°F A BUVS (300K) //-_ 1 2. 4. 2
£y BUVS (300K) 142 : ['=—xo’ oo
A BLS (300K) W/ ] T
i o TJ(IK) ]
3 7 =3.0e +39 573 7 i I .
= S U oa Effective modelling: two parallel processes
= 1 a = 5.0e — 02 L@
\U 10
= Quality factor (0~1)
144
? (w) = d)(a), a, Ty, Tz)
10_2 r -1
-~ (w) = Q7 (w)
1073

3 parameters:

o T T
IXS: Inelastic X-ray Scattering a = yT1 = y T2 = with a(T) /
POT: picosecond optical technique H1 1 2

BUVS /BLS: Brillouin Ultraviolet/Light Scattering

TJ: Tunneling Junction H. Luo, et al (2021)
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Conclusion Phonons in Amorphous Materials

No wave-vector in disordered materialsmmmmp Apparent Attenuation and Internal friction

Anharmonic Processes =) Different Frequency dependences of attenuation
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In Amorphous Materials

» Is it possible to quantify Thermal transport ?
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Out-of-Equilibrium Fluxes:

7 Flux of heat

v A BQ”T;L 50, Fourier’'s Law /
SQX ' 5. 8Qx+dx 6Q X :_k X _ddedt
— T \aX/\
/T Thermal Conductivity
NERSAR 0Q N X >
J.-B. J. Fourier .-

(1768-1830)
Cas d’un mur aT

z
Energy Conservation:

0Q, +0Q, +0Q, +qdVdt =06Q,, 4 +0Q, ,, +0Q, 4, + pC.dV.Edt
9 [kx BT) + 0 (ky 8TJ+ i[ka—Tj +q= pCa—T
-t Lo OxU Tox oy\ Yy ) 9z "oz ot
HOT COLD k
. AT + ﬂ — ia_T D = — Diffusivity
i k Dot pC
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Thermal Conductivity in crystals (Kittel)

L 1 :
In crystals, phonons = quantum of vibrational energy (n +§jhw with wave vector K
Thermal energy transfer = random diffusive process

Kinetic Theory of Thermal Conductivity:

AT = d_Tg dr ~ V. /., phonons mean free path
\_/, dx dx ~

> X Net flux of Energy: j, = \';'(vXcAT>=—g<vxcz—1zx>z—1ﬂ V] ¢ :ll

~ —C ||v||£x Heat Conductivity
3

T+AT _ _ 3
Geometrical scattering: ¢, ~L KocCocT

crystal boundary, lattice imperfections...
1 1
N Scattering by other phonons: fy ¢ ——— o€ —
anharmonicity, umklapp processes... n T

In Crystals Ex

phonons
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Y. Touloukian, Thermophysical Properties of Matter
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Thermal Conductivity

=
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plateau: SO———— 1T
Resonant scattering ok 4 i
a-Quartz
of phonons by i % Il C Axis ]|
« quasi-local vibrations»? i o £ AN ]
(Buchenau et al. 1992) - é'b ; K"u . . . .
- 1 ISy .. | Diffusion mechanism
b S
Strongly scattered modes? ;E o071 7 ~ for heat transfer
(Wyart et al. 2010) ; | Ts\“ff B due to
= ;-’ =] clusters vibrating
3 “ with random phases?
b= " Witreous
) § \}(,_, Silica -] (Cahill et al 1988)
Resonant scattering - S X
of phonons on £ Q / -
2 |
« 2-level systems »? s .
(Hunklinger et al 1986) 2 -
KoT _
10— — "o

T ture, °K
emperafure D. Parshin (2013)



h\\r S
q LaMCoS

S te Unité Mixte
de Recherche
5259

INSTITUT NAT<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>