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1 - Why studying heat-transfers at the nanoscale ? 

2- Thermal physics from an atomistic point of view
fluctuation/dissipation and the linear response theory

3 - Selected examples and size effects :

(wave vs. particle nature of phonon)

(A microscopic description of phonon transmission at interfaces)

(How classical electrodynamics fails at the nanoscale)

4 - Toward biological complex systems



Source : annual energy review

December 2001
Lawrence Livermore  
National Laboratory
http://eed.llnl.gov/flow

U.S. Energy Flow Trends – 2000
Net Primary Resource Consumption 98.5 Quads

Source:  Production and end-use data from Energy Information Administration, Annual Energy Review 2000 
*Net fossil-fuel electrical imports
**Biomass/other includes wood and waste, geothermal, solar, and wind.
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Heat dissipation : A burning issue !

dire thermoelectric 
solaire photovolt etc.. 
mai que tou relier a dissi/



Fahrenheit
Bernoulli
Lavoisier
Laplace
Fourier
Joule & Waterson
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Carnot
Thomson
Fick
Clausius
Kirchoff
Maxwell
Nernst
Bachelier
Planck
Einstein
Langevin
Fermi
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1783
1789
1807
1848
1822
1828
1842
1855
1858
1859
1867
1888
1900
1900
1905
1908
1936
1960

Mercury thermometer
M/P
1st Calorimeter
M/P
Differential eq. of conduction (T) in solids
Kinetics theory of gas
Analytic theory of heat
Heat flux and work
Similarity bt/ heat eq, and electrostatic
Fourrier eq. to diffusion
Introduces the concept of «mean free path»
Emission and absorption of radiation thermal Equilib.
Diffusion eq. for gas, distribution functions.
Fick law : force and resistance.
Betting in Finance and Heat eq.
Theory of thermal radiation - concept of «quanta».
Brownian motion
stochastic eq.
Similarity bt/ Neutron Diffusion and heat eq.
Connection between radiation spectrum and current fluctuations.

 Two centuries of scientific development around the 
concept of «heat»

source des images : wikipedia



3 modes of heat transfers and their microscopic pictures :
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L ~ mean free path
t ~ time of flight

relaxation time (t ~ 10-12s) 
Mean free path (L ~ 10-9m)

wavelength (L ~10-6-10-8m)
skin depth (L ~10-9m) 

screening length (L ~10-10m)

Nanoscale heat transfers = Thermal properties of materials 
bellow their caracteristic time and length scales !

Heat transfers and their caracteristic scales

Radiation        



L

Dissusive vs. ballistic transport

λ=1/3 C v Λ

e.g limit of a macroscopic description



Fourier 
Law

energy 
conservation

Heat Equation

Instantaneous modification of the temperature field   !

Modified Heat 
Eq.

a microscopic dynamics of heat carriers !

Heat flux

thermal conductivity

Temperature Gradient

e.g - The break down of the classical Fourier Law 



Question

How possibly can we capture 
some thermal properties of 
matter at an atomic level ?



...e.g. with Molecular dynamics simulations 
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unit-cell e.g [CFC]
Cristallographic STRUCTURE

Atomic INTERACTION

 
mri = Fi ( rj{ })

Fi = −∇ri
V (rij )
2i≠ j

∑

Time domain DYNAMICS
 {X(t),V(t)}

1)

2)

3)



T>0K

Equilibrium Fluctuations
{xi, pi}  @ t1, t2, t3...

 Phonon properties from equilibrium 
fluctuations 

-> The quest of correlation functions



Physical properties and atomic fluctuations ?

Response 
function

[Susceptibility]

Macroscopic response 
arises from the 
Microscopic 
dynamics !!

[Excitation]
(e.g external force)

[Reponse]
(out of equilibrium)
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3
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Absorption (Dissipation)

Fluctuations

R = χe ⋅Eext

ExcitationResponse Susceptibility

GREEN-KUBO

Static limit for 
T.C



Phonon Density of states 
(LDoS)

Phonon Dispersion Relation

e.g #1 Phonon Properties from fluctuations

e.g MgO



e.g #2 :  The thermal conductivity

Equilibrium 
approach

(Green-Kubo thermal 
conductivity)

e.g semiconductor heterojunction

Heat flux and thermal 
conductivity

T1T2

contact



κ =
1

VkBT0
2 q(0)q(t)
0

∞

∫ dt

Equilibrium approach of thermal conductivity



Putting some numbers

Time step ~ 1e-15s Time simulated ~ 1e-9s 1e6 integrations of :
1e-3 to 1-4 atomes  / point in the brillouin zone x20 (20 points) x3 (3 dimensions)
x10 (ensemble average)

For one temperature

1e6 x 1e3 x 1000 = 1e12 operations for one temperature !

4 hours on 124 CPU / 100Mo HD

Before post-treatment...



Question :

Looking further than thermal 
conductivity : Can we caracterize 
particular transport effects ?
 



e.g #3     Toward a specific control of thermal 
properties : coherent vs diffuse phonon transport

Superlattice  = Brillouin Zone folding
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Coherent        vs.        Diffuse interface

dSL

lc > dSL lc < dSL



• spatial correlation of atomic displacement

[1] Mandel L. and Wolf E., Optical coherence and quantum optics 1995

z
z1 zi

RMS of 
distribution

z2 z3

Coherence from fluctuations



9

heat transport regime and the coherence length

reduced group 
velocities 

and band gaps 
opening

Linear decrease of 
contact density

An important new caracteristic adimentioned parameter : 
Lc/System length (wave vs particle !)

PRL (resived)



Simulations
Simkin Mahan 2000
Daly 2002 
Imamura 2003
Chen Y 2005
Landry 2009
Termentzidis 2010
Chalopin 2012 
Lin KH 2013 
Garg J 2013 

Experiments
Luckyanova 2012
Venkatasubramanian 2000 
Borca-Tasciuc T 2000 
Chakraborty 2003 



Question :

From coherent to diffuse interface : 
can we provide a microscopic 
description of what’s a thermal 
interface ?



Question : Quantifying the phonon transport properties of 
a solid-solid interface ?

L

- Kapitza effect

- intermixing / Roughness

-  Vacancies and dislocations

- boundary scattering

-Inelastic scattering

e.g Semiconductor/Semiconductor 
junction

An interface affects the thermal 
transport due to its atomic 

configuration



92 hamiltonians A and B. Assuming A and B out of local thermal
93 equilibrium (TA > TB), the heat current flowing through the
94 interface A:B can be expressed in terms of the non-
95 equilibrium statistical average:23 J ¼ "h _HAi ¼ h½H; HA$i;
96 that is

J ¼ lim
t!t0

1

2

X

i 2 A; j 2 B
a; d 2 fx; y; zg

ka;di;j

dCa;d
i;j ðt; t0Þ
dt0

"
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dt0
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;

(1)
9798

99 where Ca;d
i;j ðt; t0Þ ¼ huai ðtÞudj ðt0Þi. ui and kij refer to the atom i

100 displacement, and interatomic force constant tensor. The
101 sum is performed for each vibrational degree of freedom and
102 over the full set of atoms interacting across the contact. Since
103 Eq. (1) includes non causal fluctuations, the terms on the
104 right hand side only depend on the time difference t" t0 and
105 a Fourier transform of this latter equation allows us to write

JðxÞ ¼ "i
x
2

X

i2A;j2B
ki;j½uiðxÞu'j ðxÞ " u'i ðxÞujðxÞ$: (2)

106107

108 We obtain a symmetric expression comparable to the
109 Landauer heat flux, which, in the classical approximation
110 reads

JLðxÞ ¼ kBðTA " TBÞTðxÞ; (3)
111112

113 where kB is the Boltzmann constant and TðxÞ is the spectral
114 phonon transmission function as defined in Ref. 22. This
115 equation involves a subtraction of the same fluxes as those
116 appearing in Eq. (2). Identifying the flux from both equa-
117 tions, the phonon transmission at a single interface can be
118 written

TðxÞ ¼ " ibx
2

X

i2A;j2B
ki;jfuiðxÞu'j ðxÞ " u'i ðxÞujðxÞg; (4)

119120

121 where b ¼ 1=kBT. Equation (4) can be estimated by using
122 MD simulations in the micro-canonical ensemble (NVEAQ4 ). At
123 each time steps (1 fs), each interacting pair of atoms i, j is
124 identified to properly sample the corresponding displacement
125 fluctuations uiðtÞ and ujðtÞ. This operation is iterated over
126 hundreds of picoseconds (106 steps) to properly capture the
127 cross spectral density _uiðxÞu'j ðxÞ.
128 For an accurate computation of Eq. (4), ergodicity has
129 been achieved through the implementation of a Langevin
130 thermostat set with a damping time fixed to 5 ( 10"11s to
131 avoid any artificial widening of the vibrational spectra. The
132 capped (10,10) CNT as well as the silicon substrate have
133 been implemented with the Tersoff interatomic potential for
134 the C-C, Si-Si, and Si-C covalent interactions. The cohesive
135 energy has been minimized with a steepest descent (sd) algo-
136 rithm and we checked that the exposed Si [100] surface was
137 properly [2( 1] reconstructed.
138 The phonon density of states (DOS) of the two materials
139 in contact can be calculated from the autocorrelation of their
140 respective atomic velocities24

gðxÞ ¼ lim
s!1

1

b

X

i;a

mi
j _uai ðxÞj

2

s
: (5)

141142

143Figure 1 AQ5compares the phonon spectra obtained for the
144tube and the Si substrate at 300K. A careful inspection of
145their respective cutoff frequency indicates that any energy
146exchange occurring elastically at the CNT:Si operates in a
147very narrow phonon band below 20 THz bounded by the
148onset of attenuation of Si phonons at frequency !Si four times
149smaller than that of the highest phonon frequency in the
150CNT.
151The phonon transmission probabilities at the Si:CNT
152junction are first estimated with harmonic Green’s functions.
153Figure 2 inset (a) reports the results obtained for pressures
154set at 0.003, 0.6, and 1.3GPa, respectively. The correspond-
155ing contact configurations are depicted on Figure 3). Inspec-
156tion of Figure 2(a) indicates that AGFs have yielded

PROOF COPY [L12-10604R] 022246APL

FIG. 1. Vibrational density of states calculated for the Si slabs and CNT at
300K.

FIG. 2. Transmission spectra obtained from harmonic AGF (a) and com-
pared to the MD displacement fluctuation method (b) at three increasing
pressures. Inset (c) transmission obtained from AGF with an artificial relaxa-
tion time s ¼ 0:37 ps.
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6 F-92295 Châtenay-Malabry, France
7 2LITEN/LCH, CEA-Grenoble, 17 r. des Martyrs, Grenoble 38000, France
8 3Allison Transmission, P.O. Box 894, Indianapolis, Indiana, USAAQ1
9 4School of Engineering of Matter, Transportation, and Energy, Arizona State University, Tempe,

10 Arizona 85287, USA

11 (Received 2 August 2012; accepted 22 October 2012; published online xx xx xxxx)

12 A large effect of pressure on the thermal conductance of silicon/carbon nanotube junctions is
13 shown to result from induced anharmonicity at the interface. Through atomistic simulations, we
14 demonstrate the opening of pressure induced inelastic phonon channels, which are responsible for a
15 several fold increase of the thermal conductance.VC 2012 American Institute of Physics.
16 [http://dx.doi.org/10.1063/1.4766266]

17 The Kapitza problem,1 or how efficiently heat can flow
18 across an interface made of dissimilar materials, has been
19 experimentally addressed for almost one century. Simultane-
20 ously, important efforts have been devoted to develop a
21 quantitative microscopic understanding of this phenomenon.
22 Among the earliest approaches of phonon transport at inter-
23 faces are the acoustic mismatch and the diffuse mismatch
24 models.2 When trying to interpret picosecond thermoreflec-
25 tance measurements of Kapitza conductance between dissim-
26 ilar solids or at helium/solid interface,3–6AQ2 it was found that
27 neither model could account for all measured interfacial con-
28 ductance. What was more striking is that the thermal con-
29 ductance of a few interfaces could not be accounted by any
30 elastic phonon model, including the radiative limit (RL),
31 which represents a higher bound to the elastic thermal con-
32 ductance of an interface. In the case of the Pb:diamond7

33 interface, the conductance was eighty times larger than the
34 RL. This led Stoner and Maris to postulate the existence of
35 anharmonic channels, which could transfer energy from
36 lower frequency phonons at the lead side, into higher fre-
37 quency phonons at the diamond side, thereby increasing the
38 thermal conductance of the interface. The actual way these
39 presumed anharmonic channels may work has not been
40 experimentally studied much8 after Stoner and Maris’ work
41 partly because of the difficulty of externally controlling the
42 anharmonic channels, and experimentally extracting struc-
43 tural or modal information. The effect of interface bonding
44 on phonon transport has, however, been theoretically studied
45 in the past years.9,11–14AQ3 The role of anharmonicity at interfa-
46 ces has been addressed with molecular dynamics (MD) simu-
47 lations,15,16 where the authors have derived the spectral
48 temperature to semi-quantitatively assess the role of inelastic
49 scattering at the molecular contacts. In particular, they
50 observed a linear dependence of the conductance to the tem-
51 perature. In addition, it has been demonstrated that inelastic
52 contribution between weakly bonded solids might be quite

53limited, while other studies17 investigating pressure effects
54have revealed that it does not significantly affect the spectral
55overlap of two strongly bonded phonon systems. This has
56also been experimentally observed by Cahill et al.18

57In this work, we theoretically investigate how phonon
58transmits from a carbon nanotube (CNT) pressing on a
59reconstructed silicon surface. This system is of particular in-
60terest for the thermal management of electronic compo-
61nents,10 but it also constitutes a natural playground for
62understanding the microscopic physics that governs phonon
63transport at a complex solid/solid interface. To this end, we
64have independently computed the transmission probability
65with two complementary techniques: the first is based on the
66harmonic atomistic Green’s function (AGF) theory which
67has already played an important role in predicting the pho-
68non transport properties in complex phonon systems.20,21 In
69a first approach, this theory is taken in its harmonic form
70before being modified here to account for inelastic interface
71scattering. Then, the corresponding transmission probabil-
72ities are compared to the ones retrieved from a detailed MD
73approach, which explicitly captures inelastic processes
74through the interatomic potential. The corresponding pres-
75sure dependent interface conductances are validated by
76means of direct non-equilibrium molecular dynamics simula-
77tions (NEMD) made by two of the authors:19 an important
78result of this work reveals the existence of transmitted modes
79with frequencies above the highest frequency of the softer
80material (Si). In what follows, we demonstrate that inelastic
81interface phenomenon may indeed lead to a considerable
82enhancement—up to 80%—of mode coupling between dis-
83similar solids.
84We first describe how to estimate the phonon transmis-
85sion probabilities at a solid/solid interface from the basis of
86the temperature dependent displacement fluctuations of atoms
87in contact. For a complete description of the AGF theory and
88computational details, we refer the reader to Ref. 22. We start
89by assuming two phonon reservoirs A and B in thermal inter-
90action and defined by the hamiltonian H decomposed as
91H ¼ HA þ HB, with HA and HB being the sub-systems
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113 where kB is the Boltzmann constant and TðxÞ is the spectral
114 phonon transmission function as defined in Ref. 22. This
115 equation involves a subtraction of the same fluxes as those
116 appearing in Eq. (2). Identifying the flux from both equa-
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121 where b ¼ 1=kBT. Equation (4) can be estimated by using
122 MD simulations in the micro-canonical ensemble (NVEAQ4 ). At
123 each time steps (1 fs), each interacting pair of atoms i, j is
124 identified to properly sample the corresponding displacement
125 fluctuations uiðtÞ and ujðtÞ. This operation is iterated over
126 hundreds of picoseconds (106 steps) to properly capture the
127 cross spectral density _uiðxÞu'j ðxÞ.
128 For an accurate computation of Eq. (4), ergodicity has
129 been achieved through the implementation of a Langevin
130 thermostat set with a damping time fixed to 5 ( 10"11s to
131 avoid any artificial widening of the vibrational spectra. The
132 capped (10,10) CNT as well as the silicon substrate have
133 been implemented with the Tersoff interatomic potential for
134 the C-C, Si-Si, and Si-C covalent interactions. The cohesive
135 energy has been minimized with a steepest descent (sd) algo-
136 rithm and we checked that the exposed Si [100] surface was
137 properly [2( 1] reconstructed.
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143Figure 1 AQ5compares the phonon spectra obtained for the
144tube and the Si substrate at 300K. A careful inspection of
145their respective cutoff frequency indicates that any energy
146exchange occurring elastically at the CNT:Si operates in a
147very narrow phonon band below 20 THz bounded by the
148onset of attenuation of Si phonons at frequency !Si four times
149smaller than that of the highest phonon frequency in the
150CNT.
151The phonon transmission probabilities at the Si:CNT
152junction are first estimated with harmonic Green’s functions.
153Figure 2 inset (a) reports the results obtained for pressures
154set at 0.003, 0.6, and 1.3GPa, respectively. The correspond-
155ing contact configurations are depicted on Figure 3). Inspec-
156tion of Figure 2(a) indicates that AGFs have yielded
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FIG. 1. Vibrational density of states calculated for the Si slabs and CNT at
300K.

FIG. 2. Transmission spectra obtained from harmonic AGF (a) and com-
pared to the MD displacement fluctuation method (b) at three increasing
pressures. Inset (c) transmission obtained from AGF with an artificial relaxa-
tion time s ¼ 0:37 ps.
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e.g : Semiconductor (Si:Ge )interfaces

Interface Transmission (t) 
«Selection rules» at the contact 

surface Brillouin Zone

2

where β = 1/kBT . We finally rewrite the Fourier trans-
form of the velocities in polar coordinates (YANN : ?)
and use the the local density of states definition

T (ω) =
∑

i∈A,j∈B
α,δ∈{x,y,z}

(

ωα,δ
i,j

)2

2ω
gα,δi,j (ω). (3)

The interfacial density of states gα,δi,j (ω) =

β−1
√

mi |u̇α
i |

2
√

mj

∣

∣u̇δ
j

∣

∣

2
is the square root of the

atomic density of states and the interfacial eigenfre-

quency is expressed as ωα,δ
i,j =

√

kα,δ
i,j

mimj
. mi,j refers to

the atomic masses of atoms i and j. In Eq.(3), the
phase term (arctan(Im(Q)/Re(Q))) was set to π/2
to keep the transmission real. Eq. 3 clearly reveals
the physical content of the interfacial transmission : -
It highlights that the atoms involved in the heat flux
expression are those which are in interaction across the
interface. - In addition to their characteristic relaxation
time, interfaces also display a characteristic length
scale corresponding to twice the range of interaction of
the atoms forming the contact layers. - Finally, T is
completely driven by the displacement fluctuations of
the subset of atoms locally in interaction. T can thus be
viewed as the product the local dynamics of the contact
atoms balanced by the local dynamical force constant.
This justify that interface transmission can no longer be
extrapolated from the bulk properties of the connected
materials. We can go a step further by decomposing the
atomic displacements with the Fourier sum according to

u̇α
i (ω) =

∑

k

u̇α
ke

ik·r0i ,

which lead to a mode-to-mode transmission expression
as

T (ω,k,k′) =
∑

i∈A,j∈B
α,δ∈{x,y,z}

u̇α
k(ω)u̇

∗δ
k′ (ω)Dα,δ

i,j (k,k
′). (4)

D represents the interfacial dynamical matrix defined as

Dα,δ
i,j (k,k

′) =
∑

i∈A,j∈B
α,δ∈{x,y,z}

kα,δi,j e
i(k·r0i−k·r0i )

We now turn to apply this formalism to the compu-
tation of the phonon transmission in a semiconductor
stacked Si:Ge:Si heterostructure. This last is formed
with a Ge layer of thicknesses L that ranges from 0.5nm
to 20 nm. A detailed atomic representation of the sys-
tem is depicted on Fig. 1. In MD simulations, the co-
valent Si:Si/Ge:Ge/Si:Ge interactions are model with a
Stillinger-Weber interatomic potential. Periodic bound-
ary conditions have been applied along the [100] and [010]
directions to form an infinite contact plan. This allows

FIG. 1. Configuration of the Si:Ge:Si phonon barrier. An
infinite plane is formed in the directions [100] and [010].

to define surface/in-plane wavevectors k = (kxky), with
kx ∈ [π/a00] and ky ∈ [0π/a0]. We considers the for-
mula 3 to estimate the impact of the Ge layer thickness on
the phonon transmission. This configuration has already
been investigated? ? with the approaches mentioned in
the introduction. They are used here to establish a de-
tailed comparison with our approach. we have thus calcu-
lated the Si:Ge transmission for various L as well as that
of the perfect Si:Si contact. Results are reported on Fig.
2. Both perfect (Si:Si) and heterogeneous (Si:Ge) config-
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FIG. 2. Phonon transmission at T=400K for various Ge layer
thickness. Inset (a) depicts the local density of states retrieved
from atomic velocities autocorrelation performed along the Si-
Ge=2nm-Si sample.

urations are quantitatively compared on inset (a) to esti-
mate the phonon transparency at the Ge thermal barrier.
Inset (b) presents the Si:Ge interface transmission func-
tion obtained from Eq.3. Layer thicknesses ranges from
0.5nm to 10nm, the equilibrium temperature was set to
400K. Inset (c) reports the Si:Si contact transmission at
the same temperature. The comparison between (b) and
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Question

# phonon/phonon interface : OK
 ...but is there any things to look at 
for photons/phonons interface ?



IR-Absorption and heat : the role of optical 
phonons

T=0K

T>0K

Thermally activated dipole

IR (THz) Aborption = Thermal 
activated dipole

+     -    +    -   +    -   +   -   +     - 



Confinement and Microscopic mechanism of IR light 
absorption 

Em

milieu “infini” :

P = ε0 (εr −1) ⋅Em

Infinite Medium

εr

(Averaged magnitudes, volumics, non-
local...)

Fresnel Coefficient well definited 
(interface of infinite thickness !)

εr

Eint

+ + + + + + +

------

P = ε0α ⋅Eint

d < λ

P = ε0 3V ⋅
(εr −1)
εr +1

Eext

Ns/Nv << 1

Thin Films

εr

Polariton Resonnances predicted from 
Closius-Mossoty

d << λEinc

Ns/Nv∼1

Atomic 
Layers

?



Dielectric Susceptibility

e.g #5 : IR-Absorption properties from fluctuations

Thermal induced 
dipolar motions

χ(ω ,k) = 1
3

β P2 (0) + iω eiω t
0

∞

∫ P(t = 0,k) ⋅P(t,k) dt
⎧
⎨
⎩⎪

⎫
⎬
⎭⎪

r=ri

Wave-vector dependant dielectric 
Susceptibility



Validation with bulk

Im Re

exp.
MD.



Confinement =  screening effects ! 
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FIG. 4: Square modulus of the time Fourier transform of atomic velocities at three excitation

frequencies for the cubic NP of 1000 atoms. a) and b) show the edge and surface response at

16 THz and 18 THz, respectively. For sake of clarity, two of the six faces are shifted from their

original location. c) at 21 THz, the bulk response (left) and its corresponding phase (right) indicates

that the Mg and O ions in the core region of the NP oscillate in an opposite-phase.

electrodynamics, the continuity condition of εE⊥ indicates that the field is divided by ε at

the interface NP-vacuum. In practice, the screening of the field is due to the polarization

of the material. Figure 4.(b) shows that it takes only one monatomic plane to develop a

polarization sheet that can screen the external field. This is a pure non-local effect with a

length scale given by half the lattice period. The mechanism by which this type of surface

modes contribute to absorption has been explained by Larkin et al. [12] in the context of

plasmonics. In brief, the field at the first monatomic layer is not screened so that it is |ε|

times larger than the field in the rest of the crystal. Hence, the absorption by the atoms

3D confinement and absorption mechanisms in clusters

surface modes !

Chalopin et al.
APL 2011

=> Surface-enhanced IR absorption



3

FIG. 4. Mapping of the absorption for each atoms (eq. 7)
at the three dominant absorption frequencies f1,f2 and f3 for
L = 3a.
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FIG. 5. Non-local absorption Tr[α′′(ω,k)] in log scale for
L = 3a.

slab.
The lowest frequency band at 12 THz corresponds to

in-plane polarization ([100], [010]) whereas absorption at
the highest frequency band 25 THz corresponds to cross
plane polarization ([001]). It can be seen that the polar
mode at the frequency f1 involves surface atoms whereas
f2 and f3 corresponds to volume modes. This clearly in-
dicates that in this slab and more generally suggests that
in dielectric thin films, IR light is absorbed at the bulk
TO and LO [21] frequencies in addition to a surface mode
[12]. Interestingly, the absorption occurs predominantly
through this surface mode (f1) which is completely lo-
calized at the topmost layers. The modes f2 and f3 are
the transverse and longitudinal polaritons, respectively.
The f1 and f3 modes originate from the finite boundary
conditions of the slab. The appearance of the f3 mode is

a clear evidence of the Berreman effect [22, 23]. We think
that a signature of this mode can be possibly observed
experimentally [18] even while measuring the bulk dielec-
tric constant (see Fig. 1 at 28 THz) as the measurements
always involve a dielectric/air interface at a surface of the
crystal sample.
The non-local polarizability calculated in the first Bril-

louin zone (Fig. 5) shows that the LO and TO polaritons
have dispersion relations similar to those of the bulk LO
and TO branches. On another hand, it can be seen that
the surface mode (f1) is non-dispersive along the kz direc-
tion. In contrast to the bulk non local properties, extra
polar modes are activated at lowest frequencies from the
K point to the Γ point.
To investigate the size effects, the optical spectra have

been studied at different film thicknesses ranging from
L = 1a to 10a. The corresponding absorption spectra are
presented on Fig. 6. For the thinner thickness (L = 1a ;
two planes), it is observed two peaks at frequencies of 11
and 23 THZ, respectively. These two peaks correspond
to polaritons modes involving the displacements of all
the atoms parallelly and perpendicularly to the slab, re-
spectively. Let us first consider the size dependence of
the 11 THz peak : When increasing the layer thickness
from L=2a, we observe a splitting of this mode into two
contributions identified as f1 and f2. Such a splitting
occurs because the topmost atomic layers undergo inter-
atomic force constants weaker than that of the volume
layers where the atoms are isotropically bonded. Below
L=5a, the absorption by the surface mode, f1, predomi-
nates over the absorption of the TO polariton mode, f2.
Recalling that while increasing L, the number of surface
atoms get decreased with respect to the volume one, it
can be noticed that even for a ratio of 20 % at L = 5a,
the absorption due to the topmost layers remains as im-
portant as that of the volume ones.
We observe two additional peaks between 20 and 25

THz with very much smaller amplitudes. Their asso-
ciated frequencies and amplitudes are size dependent.
They progressively disappear at the thicker thicknesses.
By mapping the local polarisability (Equ.7) for L = 3a,
we found that the absorption peak around 21 THz in-
volves the atoms of the planes underneath the outermost
planes of the slab (not displayed). The peak around 23-
25 THz originates from the atoms of the third deepest
surface planes. Thus, these two absorptions are very lo-
calized. The frequencies indicates that the physical origin
of the additional peaks does not correspond to the modes
with a wavelength λ that fits the thickness L as L = nλ/2
[10, 11]. Indeed, the number of modes does not increase
as the layer thickness increases. We attribute this effect
to the fact that absorption is non-local.
By looking at the size dependence of the non-local po-

larisability (Fig. 7) in the [001] direction (i.e along the
slab thickness), we see that the TO absorption modes
in the range 11-15 THz corresponds to a competition
between the polariton branch and the surface branch
strongly localized at the topmost atomic layers. The sur-

2

MD simulations were performed by using an empirical
potential[15] which has been demonstrated to be valid
for bulk and surface properties[16, 17]. We have first
studied the MgO bulk with a crystal of 8000 atoms which
corresponds to a 10×10×10 cubic cell ( 103 points in the
first Brillouin zone) with periodic boundary conditions.
We have validated our approach by recovering the di-

electric constant at k = 0 to allow a fair comparison with
the available experimental data [18] (see Fig.1). We have
calculated the non-local imaginary part of the dielectric
constant, ε′′(ω,k), with k ranging along the high sym-
metry lines of the first Brillouin zone (Fig. 2). From
these two plots, we can see that the bulk absorption at
the long wavelength limit corresponds to the TO mode
at the frequency of fTO = 12 THz. In contrast, we can
see that for k = 0, the polar LO (25THz) is absent (Fig.
1).

FIG. 1. Frequency dependent bulk dielectric constant ((εxx+
εyy + εzz)/3 ) compared to experimental data[18].

We now consider the case of a crystal slab of fi-
nite thickness L = 3a in the z direction [001] and
periodic in the two lateral ones x,y ([100] and [010]).
The in-plane modes are defined by the wave-vector
components (kx, ky) and the cross plane one by kz as
αβγ(kx, ky, kz,ω). The absorption at long wavelength
limit (kx = ky = kz = 0) is given on Fig. 3 . It can
be seen that IR absorption occurs through mainly two
bands at 12 and 25 THz.
To elucidate the physical origin of these IR resonances

which are not observed in the bulk, the spatial mapping
of the absorption processes has been performed at each
resonant frequency (Fig. 4). To this aim, each atom i of
charge qi has been subjected to a polarized electric force

!""#$ !"#$% !"##$ !###%

!

" # $

FIG. 2. The non-local spectra (Tr[ε(ω,k]) in log scale) along
the main directions of the MgO first Brillouin zone.

FIG. 3. Imaginary part of the slab polarisability ((α′′

xx +
α′′

yy + α′′

zz)/3 ) at k = 0 for a thickness L = 3a.

qiE and the corresponding local absorption, ai, has been
traced back with the local dipolar moment qixi as

a‖,⊥i (ω) =
ω

kBT

∫ ∞

0

q2i

〈

x
‖,⊥
i (0)x‖,⊥

i (t)
〉

eiωtdt (7)

where x
‖,⊥
i refers to the displacement of atom i in the

cross plane (⊥) or in the in-plane directions (‖) of the

2D confinement and absorption mechanisms

3

FIG. 4. Mapping of the absorption for each atoms (eq. 7)
at the three dominant absorption frequencies f1,f2 and f3 for
L = 3a.
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FIG. 5. Non-local absorption Tr[α′′(ω,k)] in log scale for
L = 3a.

slab.
The lowest frequency band at 12 THz corresponds to

in-plane polarization ([100], [010]) whereas absorption at
the highest frequency band 25 THz corresponds to cross
plane polarization ([001]). It can be seen that the polar
mode at the frequency f1 involves surface atoms whereas
f2 and f3 corresponds to volume modes. This clearly in-
dicates that in this slab and more generally suggests that
in dielectric thin films, IR light is absorbed at the bulk
TO and LO [21] frequencies in addition to a surface mode
[12]. Interestingly, the absorption occurs predominantly
through this surface mode (f1) which is completely lo-
calized at the topmost layers. The modes f2 and f3 are
the transverse and longitudinal polaritons, respectively.
The f1 and f3 modes originate from the finite boundary
conditions of the slab. The appearance of the f3 mode is

a clear evidence of the Berreman effect [22, 23]. We think
that a signature of this mode can be possibly observed
experimentally [18] even while measuring the bulk dielec-
tric constant (see Fig. 1 at 28 THz) as the measurements
always involve a dielectric/air interface at a surface of the
crystal sample.
The non-local polarizability calculated in the first Bril-

louin zone (Fig. 5) shows that the LO and TO polaritons
have dispersion relations similar to those of the bulk LO
and TO branches. On another hand, it can be seen that
the surface mode (f1) is non-dispersive along the kz direc-
tion. In contrast to the bulk non local properties, extra
polar modes are activated at lowest frequencies from the
K point to the Γ point.
To investigate the size effects, the optical spectra have

been studied at different film thicknesses ranging from
L = 1a to 10a. The corresponding absorption spectra are
presented on Fig. 6. For the thinner thickness (L = 1a ;
two planes), it is observed two peaks at frequencies of 11
and 23 THZ, respectively. These two peaks correspond
to polaritons modes involving the displacements of all
the atoms parallelly and perpendicularly to the slab, re-
spectively. Let us first consider the size dependence of
the 11 THz peak : When increasing the layer thickness
from L=2a, we observe a splitting of this mode into two
contributions identified as f1 and f2. Such a splitting
occurs because the topmost atomic layers undergo inter-
atomic force constants weaker than that of the volume
layers where the atoms are isotropically bonded. Below
L=5a, the absorption by the surface mode, f1, predomi-
nates over the absorption of the TO polariton mode, f2.
Recalling that while increasing L, the number of surface
atoms get decreased with respect to the volume one, it
can be noticed that even for a ratio of 20 % at L = 5a,
the absorption due to the topmost layers remains as im-
portant as that of the volume ones.
We observe two additional peaks between 20 and 25

THz with very much smaller amplitudes. Their asso-
ciated frequencies and amplitudes are size dependent.
They progressively disappear at the thicker thicknesses.
By mapping the local polarisability (Equ.7) for L = 3a,
we found that the absorption peak around 21 THz in-
volves the atoms of the planes underneath the outermost
planes of the slab (not displayed). The peak around 23-
25 THz originates from the atoms of the third deepest
surface planes. Thus, these two absorptions are very lo-
calized. The frequencies indicates that the physical origin
of the additional peaks does not correspond to the modes
with a wavelength λ that fits the thickness L as L = nλ/2
[10, 11]. Indeed, the number of modes does not increase
as the layer thickness increases. We attribute this effect
to the fact that absorption is non-local.
By looking at the size dependence of the non-local po-

larisability (Fig. 7) in the [001] direction (i.e along the
slab thickness), we see that the TO absorption modes
in the range 11-15 THz corresponds to a competition
between the polariton branch and the surface branch
strongly localized at the topmost atomic layers. The sur-

again, macro description 
of electrodynamics breaks 

at the nanoscale



Question :

Heat properties of more complex 
systems (biological interest) : 

Heat dissipation for therapeutic 
perspectives



e.g #1 :Laser (Plasmonic) induced hyperthermia in 
nanoparticles

Heat deposited by the laser goes to 
the biological env. ?

Cell

light

metallic NP



10fs 18fs 30fs 50fs

It’s also possible to monitor the field inside the particle. We developed a script that

plot the electric filed profiles inside the nanoparticle. We compared this electric filed with

this obtained theoretically with the Mie theory approach. We performed such a check

before introducing source term values in the MD code.

Fig. 31: Electric field inside the Ag nanoparticle calculated with E=1V/m for T=50fs.

Here, we have snap shots from MD simulation indicting laser induced melting (Glue

model, 31024 atoms): Atom colored by thermal velocity.

46
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We present the temperature evolution predicted by the Two Temperature Model com-
bined with MD simulation by taking FDTD result as source term.
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We present the temperature evolution predicted by the Two Temperature Model com-
bined with MD simulation by taking FDTD result as source term.
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1 - Electromagnetic 
calculation

(FDTD)

 2 - atomistic 
modeling

2-temperatures model 
(thermal relaxation e-/

phonon)

first step : Absorption properties and 
dynamics

J.E



Polymer density 
(polymer.nm-2)

0 0.04 0.7
Thermal resistance 

(MK.W-1)
4.59 2.78 0.33 

Nanostructuration (polymer) + Confinement 
(plasmon) = Significant Exaltation of heat released

Vibrationnel properties 

12 

Calcul of the vibrationnel density of states: 
!"#!"$%&'(()*%+,-.# (/*%+$,%01++ 

Interactions model 
DREIDING model for interactions 
between polymers (or lipids) : 
•  2, 3 and 4-body potentiels for the 

chimical bonds 
•  Coulombic potentiel 
•  Lennard-Jones potentiel for van der 

Waals interactions 
 
TIP3P water model for its compatibility 
with DREIDING: 
•  2 and 3-body potentiels 
•  Coulombic potentiel 
•  Lennard-Jones potentiel for van der 

Waals interactions 
 

10 

Timestep = 500ps 

Vibrational density of 
states

2nd step : Vibrational relaxation and 
interfaces

Water

GOLD



e.g #2 - properties of biomembranes

Phase transition (expé)

Vibrationnel properties 

12 

Calcul of the vibrationnel density of states: 
!"#!"$%&'(()*%+,-.# (/*%+$,%01++ 

Dectecting a phase transition 
System: 10 polymers in water 

Calcul made : !!!"#$%&"'()*+(! !#$"%##$%"&!,*-('"( 
 

11 

Phase Transistion

Vibrational density of 
states

found. The gold/polylmer resistance, 4.07 ± 0.43 MK.W−1, is small because the bond between

the gold and the polymer is a covalent bond which leads to a smaller resistance than the van der

Waals bonds found between the water and the gold.26 We computed the transmission function27

between the gold and the polymer considering the bonds between the gold atoms and the sulfur

atoms of the polymer. This calculation represented on Figure 2 shows that the transmission is not

equal in this case to the product of the gold DOS with the sulfur DOS from Figure 3. We indeed

see on Figure 3 that both the polymer and the sulfur DOS are overlapping the gold DOS but the

transmission shows that the main contribution is at 3 THz. On the transmission, we see a diver-

gence of the low frequencies due to the translation of the polymer by Brownian motion that drags

the gold atoms bonded to it and this induce a very low frequency on the Fourier transform of the

movement of those atoms.,28 similar to what is seen on the water DOS for very low frequencies

on Figure 3 and has been found on previous work on water as well.29

Figure 2: Transmission between the gold and the polymer at the gold-sulfur junction. The gold
and the polymer are bonded at this junction which makes a particularly low resistance.

Considering those three interface resistances and the model Figure 1, we can compute the

5

Phonon
Transmission(thesis J Soussi)

Molecular dynamics simulation of lipid bilayer



e.g #3 - Heat (Hyperthermia) with magnetic field

Tumor cell targeted by magnetic nanoparticles

Uij

B

M

Problematic :
Dynamics and heat relaxation of a 
magnetic agregate subjected to B

Heat 

Langevin Dynamics

fluid

NP

dipole/dipole External field brownian dissipation



1- Image recognitions from experiments 3D Configuration extraction

2 - Simulations by «Molecular dynamics» :

3 - Structural confrontation w/ 
experiments M.L Beoutis Thesis

Coll. F. Gazeau, M. Devaud. 
MSC lab



Bext

Mloc Power 
dissipated

Heat Dissipated under B field



Example

(TEM Image) (Thermal mapping 
at 500 KHz)



Conclusion / sum up

Vibrational density of states

Dynamical (Force constant) Matrix

Spatial coherence

Thermal conductivity

Phonon Transmission

Classical dynamics of nucleis in the time domain 

 Allow to Capture Particular Nanoscale/size effects

- Phonon Transport Channel (T/Kb)
= cross PSD per atom

- Coherence/Diffuse interface Regime
-> Period vs. Coherence length

- Surface Absorption in very thin-films
-> screening length

Future orientation : Biological complexe materials, interaction w/ nanostructures

Vibrational relaxations ~ microscopic equilibrium fluctuations

Heat = atomic/molecular motions

MD good candidate to extract the correlations ! (Fluctuation/Dissipation)



 At macroscale

Diffusion laws, geometrical optics

- Incoherent summation of flux : 
No phase relationship !

Physical properties are local

Solids = Bulk properties

at nanoscale

Statistical approach, 
wave effects

Coherence and interference

Non local effects

Systems driven by surface and 
interface properties 

Memo !
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e.g #4: Phonon Transmission at Semiconductor 
Nanotube interfaces

Phonon Transmission

MD simulations

Green’s Function 
with artificial scattering

Green’s Function Theory
(Harmonic)

Chalopin et al.
APL 2012



Chauffage magnéto-induit 

relaxation Brown :

Approche «Atomistique»
relaxation vibrationelle :

Uij

interaction dipolaire :

Hamiltonien pour accéder à la dynamique :

dt=1-15

N=6x1-4

\



Introducing Atoms and vibrations

Equation of motion

Solution
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FIG. 4. Mapping of the absorption for each atoms (eq. 7)
at the three dominant absorption frequencies f1,f2 and f3 for
L = 3a.
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FIG. 5. Non-local absorption Tr[α′′(ω,k)] in log scale for
L = 3a.

slab.
The lowest frequency band at 12 THz corresponds to

in-plane polarization ([100], [010]) whereas absorption at
the highest frequency band 25 THz corresponds to cross
plane polarization ([001]). It can be seen that the polar
mode at the frequency f1 involves surface atoms whereas
f2 and f3 corresponds to volume modes. This clearly in-
dicates that in this slab and more generally suggests that
in dielectric thin films, IR light is absorbed at the bulk
TO and LO [21] frequencies in addition to a surface mode
[12]. Interestingly, the absorption occurs predominantly
through this surface mode (f1) which is completely lo-
calized at the topmost layers. The modes f2 and f3 are
the transverse and longitudinal polaritons, respectively.
The f1 and f3 modes originate from the finite boundary
conditions of the slab. The appearance of the f3 mode is

a clear evidence of the Berreman effect [22, 23]. We think
that a signature of this mode can be possibly observed
experimentally [18] even while measuring the bulk dielec-
tric constant (see Fig. 1 at 28 THz) as the measurements
always involve a dielectric/air interface at a surface of the
crystal sample.
The non-local polarizability calculated in the first Bril-

louin zone (Fig. 5) shows that the LO and TO polaritons
have dispersion relations similar to those of the bulk LO
and TO branches. On another hand, it can be seen that
the surface mode (f1) is non-dispersive along the kz direc-
tion. In contrast to the bulk non local properties, extra
polar modes are activated at lowest frequencies from the
K point to the Γ point.
To investigate the size effects, the optical spectra have

been studied at different film thicknesses ranging from
L = 1a to 10a. The corresponding absorption spectra are
presented on Fig. 6. For the thinner thickness (L = 1a ;
two planes), it is observed two peaks at frequencies of 11
and 23 THZ, respectively. These two peaks correspond
to polaritons modes involving the displacements of all
the atoms parallelly and perpendicularly to the slab, re-
spectively. Let us first consider the size dependence of
the 11 THz peak : When increasing the layer thickness
from L=2a, we observe a splitting of this mode into two
contributions identified as f1 and f2. Such a splitting
occurs because the topmost atomic layers undergo inter-
atomic force constants weaker than that of the volume
layers where the atoms are isotropically bonded. Below
L=5a, the absorption by the surface mode, f1, predomi-
nates over the absorption of the TO polariton mode, f2.
Recalling that while increasing L, the number of surface
atoms get decreased with respect to the volume one, it
can be noticed that even for a ratio of 20 % at L = 5a,
the absorption due to the topmost layers remains as im-
portant as that of the volume ones.
We observe two additional peaks between 20 and 25

THz with very much smaller amplitudes. Their asso-
ciated frequencies and amplitudes are size dependent.
They progressively disappear at the thicker thicknesses.
By mapping the local polarisability (Equ.7) for L = 3a,
we found that the absorption peak around 21 THz in-
volves the atoms of the planes underneath the outermost
planes of the slab (not displayed). The peak around 23-
25 THz originates from the atoms of the third deepest
surface planes. Thus, these two absorptions are very lo-
calized. The frequencies indicates that the physical origin
of the additional peaks does not correspond to the modes
with a wavelength λ that fits the thickness L as L = nλ/2
[10, 11]. Indeed, the number of modes does not increase
as the layer thickness increases. We attribute this effect
to the fact that absorption is non-local.
By looking at the size dependence of the non-local po-

larisability (Fig. 7) in the [001] direction (i.e along the
slab thickness), we see that the TO absorption modes
in the range 11-15 THz corresponds to a competition
between the polariton branch and the surface branch
strongly localized at the topmost atomic layers. The sur-

Origin of new modes 

2

MD simulations were performed by using an empirical
potential[15] which has been demonstrated to be valid
for bulk and surface properties[16, 17]. We have first
studied the MgO bulk with a crystal of 8000 atoms which
corresponds to a 10×10×10 cubic cell ( 103 points in the
first Brillouin zone) with periodic boundary conditions.
We have validated our approach by recovering the di-

electric constant at k = 0 to allow a fair comparison with
the available experimental data [18] (see Fig.1). We have
calculated the non-local imaginary part of the dielectric
constant, ε′′(ω,k), with k ranging along the high sym-
metry lines of the first Brillouin zone (Fig. 2). From
these two plots, we can see that the bulk absorption at
the long wavelength limit corresponds to the TO mode
at the frequency of fTO = 12 THz. In contrast, we can
see that for k = 0, the polar LO (25THz) is absent (Fig.
1).

FIG. 1. Frequency dependent bulk dielectric constant ((εxx+
εyy + εzz)/3 ) compared to experimental data[18].

We now consider the case of a crystal slab of fi-
nite thickness L = 3a in the z direction [001] and
periodic in the two lateral ones x,y ([100] and [010]).
The in-plane modes are defined by the wave-vector
components (kx, ky) and the cross plane one by kz as
αβγ(kx, ky, kz,ω). The absorption at long wavelength
limit (kx = ky = kz = 0) is given on Fig. 3 . It can
be seen that IR absorption occurs through mainly two
bands at 12 and 25 THz.
To elucidate the physical origin of these IR resonances

which are not observed in the bulk, the spatial mapping
of the absorption processes has been performed at each
resonant frequency (Fig. 4). To this aim, each atom i of
charge qi has been subjected to a polarized electric force

!""#$ !"#$% !"##$ !###%

!

" # $

FIG. 2. The non-local spectra (Tr[ε(ω,k]) in log scale) along
the main directions of the MgO first Brillouin zone.

FIG. 3. Imaginary part of the slab polarisability ((α′′

xx +
α′′

yy + α′′

zz)/3 ) at k = 0 for a thickness L = 3a.

qiE and the corresponding local absorption, ai, has been
traced back with the local dipolar moment qixi as

a‖,⊥i (ω) =
ω

kBT

∫ ∞

0

q2i

〈

x
‖,⊥
i (0)x‖,⊥

i (t)
〉

eiωtdt (7)

where x
‖,⊥
i refers to the displacement of atom i in the

cross plane (⊥) or in the in-plane directions (‖) of the



Heat dissipation : A burning issue for technology

Industry needs for «new» modeling tools for 
designing and optimising systems at short 

scales

Emergence of short scales thermal 
energy transport !

e.g Scalling down in microelectronic Nanotechnologies (II)
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MD simulations were performed by using an empirical
potential[15] which has been demonstrated to be valid
for bulk and surface properties[16, 17]. We have first
studied the MgO bulk with a crystal of 8000 atoms which
corresponds to a 10×10×10 cubic cell ( 103 points in the
first Brillouin zone) with periodic boundary conditions.
We have validated our approach by recovering the di-

electric constant at k = 0 to allow a fair comparison with
the available experimental data [18] (see Fig.1). We have
calculated the non-local imaginary part of the dielectric
constant, ε′′(ω,k), with k ranging along the high sym-
metry lines of the first Brillouin zone (Fig. 2). From
these two plots, we can see that the bulk absorption at
the long wavelength limit corresponds to the TO mode
at the frequency of fTO = 12 THz. In contrast, we can
see that for k = 0, the polar LO (25THz) is absent (Fig.
1).

FIG. 1. Frequency dependent bulk dielectric constant ((εxx+
εyy + εzz)/3 ) compared to experimental data[18].

We now consider the case of a crystal slab of fi-
nite thickness L = 3a in the z direction [001] and
periodic in the two lateral ones x,y ([100] and [010]).
The in-plane modes are defined by the wave-vector
components (kx, ky) and the cross plane one by kz as
αβγ(kx, ky, kz,ω). The absorption at long wavelength
limit (kx = ky = kz = 0) is given on Fig. 3 . It can
be seen that IR absorption occurs through mainly two
bands at 12 and 25 THz.
To elucidate the physical origin of these IR resonances

which are not observed in the bulk, the spatial mapping
of the absorption processes has been performed at each
resonant frequency (Fig. 4). To this aim, each atom i of
charge qi has been subjected to a polarized electric force
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FIG. 2. The non-local spectra (Tr[ε(ω,k]) in log scale) along
the main directions of the MgO first Brillouin zone.

FIG. 3. Imaginary part of the slab polarisability ((α′′

xx +
α′′

yy + α′′

zz)/3 ) at k = 0 for a thickness L = 3a.

qiE and the corresponding local absorption, ai, has been
traced back with the local dipolar moment qixi as

a‖,⊥i (ω) =
ω

kBT

∫ ∞

0

q2i

〈

x
‖,⊥
i (0)x‖,⊥

i (t)
〉

eiωtdt (7)

where x
‖,⊥
i refers to the displacement of atom i in the

cross plane (⊥) or in the in-plane directions (‖) of the

Confinement effects in a Oxide (MgO) Thin Film

Mie resonnance predicted from Bulk 
dielectric constant !!

 Other mode predominant !

Origin  ?

e.g L= 2nm


