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Other example: Energy harvesting, Thermoelectric Efficiency: Merit Factor
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Other example: Energy harvestlng Thermoelectric Efficiency: Merit Factor
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Understanding the Thermal Conductivity at small scales
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L aboratoire de mécanique der Contactr et der Jtructurer

Thermal Conductivity in crystals (Kittel):

Heat carriers = electrons, phonons :
In crystals, phonons = quantum of vibrational energy (n+Ejha}

Thermal energy transfer = random diffusive process, « collisions » of heat carriers

Kinetic Theory of Thermal Conductivity:

dar , dT
T =—"(,=—V_1 ¢ ., phonons mean free path
NG dx * dx * X
N N/ _.dT 1N dT
Net flux of Energy: j, =~ (v,CoT) - V< 9y, > S i
K~ —c HVHKX Heat Conductivity
3

T+AT

Geometrical scattering: ¢/, ~L xoccocT’
crystal boundary, lattice |mperfections...
1 1
™~ Scattering by other phonons: ¢, ¢ ——— o€ —
anharmonicity, umklapp processes... n T

Cx

phonons
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Some Measurements of Thermal Conductivity:
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plateau:
Resonant scattering
of phonons by

« quasi-local vibrations»?
(Buchenau et al. 1992)

Strongly scattered modes?
(Wyart et al. 2010)

Resonant scattering
of phonons on

« 2-level systems »?
(Hunklinger et al 1986)

Thermal Conductivity W/ cm™ °K!
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—
/“\ a-Quartz |
% Il C Axis ]
> 7 -\’x a
5%” f:; | Diffusion mechanism
e ™ for heat transfer
T B due to
;‘F = 7 clusters vibrating

i with random phases?
A2 Witreous
Silica . (Cahill et al 1988)

Temperature, “K

D. Parshin (2013)
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L aboratoire de mécanique der Contactr et der Jtructurer

What is the role of disorder and interfaces
in the transportation of energy across the system?

Focus on the vibrational energy (phonons)

Interconnection between Thermal and Mechanical energy?
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Introduction

. Vibrations and Phonons in Amorphous Materials

ll. Thermal Conductivity in Nanocomposites
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L aboratoire de mécanique der Contactr et der Jtructurer

. Vibrations and Phonons in Amorphous Materials
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L aboratoire de mécanique der Contactr et der Jtructurer

Vibration Modes in Amorphous Materials (spectral analysis)
The example of silica SiO2 glass

-~
=

Univ=rRsIiT= D= LyonN

=
<

ma;l';a (ﬁ’t): tota/ ~ ZW ( ,t)+

£ (1) with Me? =

1 0%,

otal

0 .
u (ﬁ,t) Eﬁ(t)—ﬁ =Q,- /\/E-éat Dynamical Matrix: Eigenvectors U, eigenvalues «?

or;,0r; 4

Plane Waves Soft Modes

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

Diffusons Locons

P.B. Allen and

J.L. Feldman (1999)
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L aboratoire de mécénique der Contactr et der Jtructurer

Vibration Modes in Amorphous Materials (spectral analysis)
The example of amorphous silicon
Y. Beltukov et al. (2016)
Interatomic interaction energy:

2
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L aboratoire de mécanlque der Contactr et der Jtructurer

Vibrational Density of States

Structural sensitivity, from crystal to amorphous solid

* T T T T T 006 T T T T
0.06 | Bulk crystalline il 0.03 L Bulk crystalline
N Crystalline group close to interface —~ 0.00 r . - )
--------- Amorphous group close to interface ’
Bulk amorphous d

Si

0.04

0.02

0.00

Vibrational density of states (states/cm™)

0 200 400 600

Vibrational density of states (s,tates/cm'1

8

Spatial frequency (cm™)

0.03 L Bulk amorphous ,_

A. France-Lanord et al. (2014) 0.00 L= 1

3 L £ -
0 200 400 600  Structure

Spatial frequency (cm™)
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Normalized Vibrational Density of States in a-Si

0.008 ' NI | Interatomic interactions:
L o% \II&DOS (a)
— 1 % e (—@4ﬂdmﬂ@4
20,006 / Ns, —h=0B =%, S+ cosﬁﬂk+ ey e ate
i ‘ %, —A=235 A, bending rigidit
—0.004 & —A=2625 | g ngidity
oL —A =40
\A ; ; : ; : ; ; ;
200005 i N Boson Peak || 25A u VDOS (b)
> GV a e
— 0.001 = N\
O | I E | \
0 5 10 B A\
B -
~0.0005 .
’:_c_:: Bending energy
20
I >
0 | | | I | | |
0 B 10 15

Waves scattering over
correlated structures.

Two different length-scales.

¢ =w/cr (nm™)

Y. Beltukov et al. (2016)

A. Tanguy (2015)
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Characteristic Length-scales 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

(b) “*Za0 —20 0 20 40
M. Tsamados et al. (2009) P.Y. Huang et al. Science (October 2013)
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Dynamical Structure Factor in a-Si:

S, (q,w)= Ie ""t< (g,1).p(-q, O)>dt Y. Beltukov et al. (2016)
Damped Harmonic Osc fit:
1
SL,T(¢, W) L
Sr(g,w) == . - ,
|, (@~ o2 (a) KD
100¢ WO P o
C — longitudimal 12 i T T RS
10.6 . — transverse &= 10f £ Mean-free
AR % " | Path
E [’024631@{:\//1"
- X g
er, €L, km/s A

o
~
l, m/q, nm

—
T — T T

it 0, =212 Ioffe-RegeI
0.2 criterion
Weak scattering - '1IU 3 Strong scattering
. i WH
0 5 10152025 0 5 10 15 20 25 30 Scattering of Transverse
¢, nm™ g, nm™! and then Longitudinal waves
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Ly 2 2
L, : : t o
Bty = f, exp (H.r.ﬂf — QTgxc ~ 52
> o/
Mixed Regime Diffusive Regime Localisation
(Boson Peak) Diffusons Locons
® > O Y. Beltukov et al. (2018)

® << OR
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diffusion
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Y. Beltukov et al. (2018)
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Attenuation Length
Comparison to the Dynamical Structure Factor

10 ' ———————— ' - — = Attenuation length
Pdh“f-prop(l)=F)diff-prop(0) le

——— Mean-free path
(Beer-Lambert)

) Dyn. Struct. Factor
l = CL,T/F

mobility

Transportation of
Energy even beyond
the loffe-Regel criterion

The Mean-free path (and
from the DSF) is defined
only in the Ballistic regime

Y. Beltukov et al. (2018)
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Determination of Diffusivity from Wave-Packets motion

lefuswe propagatlon of Wave packets

(lefusons)

k 21 R
v 4THZ

1 1 L
40 60 80

Minimum diffusivity
at the loffe-Regel criterion
of Transverse waves.

D/ ¢ (nm)

AT 1 .
& —A=19 ] a-Si
—A=21
— A=235
——A=2625
A =40

R(t) = 2D(w)t

10 20 30

g = w/ cr (nm™)

Allen and Feldman (1999)
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Ballistic Regime Diffusive Regime
Attenuation for <oy Diffusivity for o>=0z
T R SRR —
P ——A=19 | ] A liE —-A=17
IR | —A=2l 4F L —=A=19 .
= i 1 ——A=235 ~ | il — A=21
» 4 | =—=A=2625 =gl ! ——A=235
o L wmeer 4 E ) ”l —= A =26.25
9 = .- AT T T 5/ ") T——
& 52_
1 =
?,// L E 0 (%)‘IR! Id, L T e T
510 0 5 10 15 20
g (nm ™) v (THz)
1 R ] Bmax
Kpmp(T):g I C(a),T)vg2 (a))l“_1(a))g(a))da) k(T = _[ C(o,T)D(w)g(w)dw
0 DR

J.M. Larkin et al. (2014)
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R.C. Zeller (1971)
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5, 5]
[ LY

Therma!l Conductivity
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Temperature, K
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Thermal Conductivity

e KT ) = jc(a),T)D(a))g(a))da)
Diffusive
O>OR
Ballistic
Kprop(ﬂz%_rC(a),T)Vg(a))l(a))g(a))da) |
0
Nky 2mvh exp(zﬁzlfh)
Clv,T) = ¥4 ( LT ) 2mvh 7 =
b (exp (1) — 1)
| | | | | | | | | | | | | | | | |
150 200 250 300

T(K)

A. Tlili et al. (2019)
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ll. Thermal Conductivity in Nanocomposites
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L aboratoire de [Mlécanique der Contactr et der Jbructurer

Dynamical Structure Factor in a-Si/c-Si
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S 20}
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Dispersion Relation:
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Green-Kubo calculation of Thermal Conductivity
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Thermal Conductivity in a-Si / c-Si nanocomposite

Role of the interconnections between the inclusions

Amorphous Pore Sphere NW-M
5 nm

Longitudinal waves:
2THz

10 THz

P. Desmarchelier et al. (2021)
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Wave Packets propagation in case of percolating vs. Non-percolating nanostructure

2THz 10 THz

P. Demarchelier et al. (2020)
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Thermal Conductivity in a-Si / c-Si nanocomposite

Amorphous Pore Sphere NW-M
5 nm "

KTt Kp
— C — NW-M . _ _
Diffusive KTot NW-M

—_— STC — Pore "
— — (D> ]
SC Am IR STC

o

B

kK (Wm~1K-1) k (Wm~1K-1)
o N
(e)]
K (Wm~™1k-1)

o K  Kr N SC/s
BaliStic 4

Amorphous
T_l geom +T ph ph 12

Porous
0 e ; - - 0

100 200 300 100 200 300 100 200 300
T (K) T (K) T (K)

Tpn = P(7v)" T exp(—Cu/T) P. Desmarchelier et al. (2021)
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Thermal Conductivity in a-Si / c-Si nanocomposite

Role of the interconnections between the inclusions
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P. Desmarchelier et al. (2021)



=

oS
.QJLaMC OS

— E@ Unité Mixte
de Recherche

5259

Univ=rRsIiT= D= LyonN

—

S

8l { _
oy ! fso 8
T 0 -
e 6} © @ {60 <
o o
¥ lap ®
¥ | —

2 % w  Kis 20 5

Y % Q K o
"_"—.-_f__—l__—_I"__""_—-I__"""_"'_""- _—'rl"é‘,-_— 0
TE €L, L1 3.2 4.4 8.8
Angle (°)

P. Demarchelier et al. (2020)



e»a-';J

= ,.\\ Wy
- LaMCoS S ST S @ INSA ;.
g e SRS R
de Recherche .‘-';'_'."ﬂ'_d _‘ - -
5259

rr o UNIVERSITE D= LYON

=
Q‘

L aboratoire de mécanique der Contactr et der Jtructurer

Conclusion

Phononic contribution to Thermal Conductivity in Amorphous Solids:
Low scattering, strong scattering and localization of wave-packets

in amorphous materials:

- the loffe-Regel cross-over is the transition between low and strong scattering
- the Mobility Edge is the transition to localization.

Propagative contribution to Thermal Conductivity dominates at low frequencies.
Above the Boson Peak frequency, the diffusive contribution dominates.

In Nanocomposites:

The presence of nanoinclusions changes the ratio between the propagative
and the diffusive contribution to thermal conductivity.

The interconnection (percolation) between the inclusions has a crucial effect.

Playing with interfaces paves the way for thermal management (rectification)
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