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Central processing unit power dissipation

It is important to convert or to evacuate (to manage)  the heat at smal scales

(Intel, 2011)



S. Alvo (2012)



Crystallites mean diameter~4±2 nm
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Understanding the Thermal Conductivity at small scales



J.-B. J. Fourier 
(1768-1830)

Out-of-Equilibrium Energy Fluxes:

Fourier’s Law

Thermal Conductivity

Diffusivity

Energy Conservation:

HOT COLD

Flux of heat



Thermal Conductivity in crystals (Kittel):
Heat carriers = electrons, phonons
In crystals, phonons = quantum of vibrational energy

Thermal energy transfer = random diffusive process, « collisions » of heat carriers
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Heat Conductivity
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Geometrical scattering: 
crystal boundary, lattice imperfections…

Scattering by other phonons: 
anharmonicity, umklapp processes…
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Kinetic Theory of Thermal Conductivity:



Some Measurements of Thermal Conductivity:

Y. Touloukian, Thermophysical Properties of Matter
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Y. Touloukian, Thermophysical Properties of Matter
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Resonant scattering
of phonons on 

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

plateau:
Resonant scattering

of phonons by 
« quasi-local vibrations»?

(Buchenau et al. 1992)

Strongly scattered modes?
(Wyart et al. 2010)

Diffusion mechanism
for heat transfer

due to
clusters vibrating
with random phases?

(Cahill et al 1988)

D. Parshin (2013)

Thermal Conductivity

2K T



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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Examples of Amorphous Materials:

Tmelting   
Glass Transition:

structural
relaxation
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Metallic glasses, Vitreloy a-Si

Silicate glasses

Pair correlation function

Foams



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

Plane Waves Soft Modes Diffusons Locons

P.B. Allen and 
J.L. Feldman (1999)B. Mantisi et al. (2012), N. Shcheblanov et al. (2015)
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Vibration Modes in Amorphous Materials (spectral analysis)
The example of amorphous silicon
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P.B. Allen and 
J.L. Feldman (1999)

Y. Beltukov et al. (2016)

Interatomic interaction energy: 

Stillinger-Weber

Bending energy



Vibrational Density of States

a-Si

A. France-Lanord et al. (2014)

Structural sensitivity, from crystal to amorphous solid



Boson Peak

x~20a

W~5a

VDOS

Normalized Vibrational Density of States in a-Si
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, bending rigidity

Interatomic interactions:

25Å

7Å

VDOS

Boson Peak

Two different length-scales.
Waves scattering over
correlated structures. Y. Beltukov et al. (2016)

A. Tanguy (2015)

Bending energy



Characteristic Length-scales in Amorphous Solids:

P.Y. Huang et al. Science (October 2013)M. Tsamados et al. (2009)



Dynamical Structure Factor in a-Si:

( , ) ( , ). ( ,0)i t
LS q e q t q dt    Y. Beltukov et al. (2016)

Damped Harmonic Osc fit:

Scattering of Transverse
and then Longitudinal waves

Ioffe-Regel 
criterion

Mean-free
Path 

Weak scattering Strong scattering
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Y. Beltukov et al. (2018)

Wave-Packets Dynamics in a-Si:

Mixed Regime
(Boson Peak)

Diffusive Regime
Diffusons

 > IR

Localisation
Locons

Ballistic Regime
Propagons

 << IR





propagation

diffusion

localization

mixed

Y. Beltukov et al. (2018)



Attenuation Length
Comparison to the Dynamical Structure Factor

Attenuation length
Pdiff-prop(l)=Pdiff-prop(0) /e

Mean-free path
(Beer-Lambert)

Dyn. Struct. Factor  
l = cL,T / 

Transportation of 
Energy even beyond
the Ioffe-Regel criterion

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

Y. Beltukov et al. (2018)



=21
n=4THz

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

Diffusive propagation of wave packets
(Diffusons)

Allen and Feldman (1999)
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Determination of Diffusivity from Wave-Packets motion

a-Si
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J.M. Larkin et al. (2014)
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A. Tlili et al. (2019)
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plateau

R.C. Zeller (1971)
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Rigidity
of the 
inclusions

VDOS

Molecular Dynamics Simulations of the nanocomposite a-Si/c-Si

amorphous
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Longitudinal Transverse

Incl=21

Incl=100

Splitting in the Dynamical Structure Factor

Dynamical Structure Factor in a-Si/c-Si



Longitudinal Transverse

Dispersion Relation:

Longitudinal Transverse

amorphous=21

=100

Anticipation of the 
Ioffe-Regel cross-over

Dynamical Structure Factor in a-Si/c-Si

Mean-Free Path:
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=100



Comparable Diffusivity of Phonons in a-Si/c-Si

amorphous

=21

=100

Diffusivity dominated by the amorphous matrix



Thermal Conductivity in a-Si / c-Si nanocomposite

~T2 ?

A. Tlili et al. (2019)

Ballistic part

Diffusive part >IR

~T2

amorphous

Enhancement of the diffusive contribution to Thermal conductivity in the nanocomposite

The transition frequency

to multiple scattering

is smaller

IR


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inclusions

inclusions

hIR/kB
inclusions

hIR/kB
amorphous

Rigidity contrast:



Green-Kubo calculation of Thermal Conductivity

T = 10 K

crystalline volume fraction

amorphous
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Thermal Conductivity in a-Si / c-Si nanocomposite

P. Desmarchelier et al. (2021)

2 THz

10 THz

5 nm
Longitudinal waves:

Role of the interconnections between the inclusions



Wave Packets propagation in case of percolating vs. Non-percolating nanostructure

P. Demarchelier et al. (2020)

2 THz 10 THz



Thermal Conductivity in a-Si / c-Si nanocomposite

P. Desmarchelier et al. (2021)

5 nm

NW-M

STC

SC / S

Amorphous

Porous

Ballistic

Diffusive
>IR



EMD

P. Desmarchelier et al. (2021)

Thermal Conductivity in a-Si / c-Si nanocomposite
Role of the interconnections between the inclusions



P. Demarchelier et al. (2020)

Thermal Rectification in c-Si nanowire with amorphous shell

2 THz



Conclusion
Phononic contribution to Thermal Conductivity in Amorphous Solids:

Low scattering, strong scattering and localization of wave-packets
in amorphous materials: 
- the Ioffe-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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