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pre MOTIVATION: mini intro

The Phonon Gas Model (PGM)

Multiscale phonon transport The phonon gas model rene.hammer@mcl.at

𝜅𝜈 𝜔 = 𝐶𝜈(𝜔)𝑣𝜈(𝜔)Λ𝜈(𝜔)
𝜅 = 

𝜈

 𝑑𝜔𝜅𝜈 𝜔
𝜔(𝑘) = 𝜔( 𝑘 )isotropic:

𝜅𝜈 𝑘 = 𝐶𝜈 𝑘 𝑣𝜈 𝑘 Λ𝜈 𝑘

L

THERMAL CONDUCTIVITY:

𝐶 = ℏ𝜔𝐷
𝜕𝑓

𝜕𝑇
 𝑣 =
𝜕𝜔

𝜕𝑘
Λ =  𝑣𝜏 𝐊𝐧 =

𝚲

𝑳
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MOTIVATION: Multiscale modelling of phonon transport

Diffusive vs ballistic transport  Breakdown of Fourier’s law

Multiscale phonon transport Breakdown of Fourier’s Law rene.hammer@mcl.at
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and effective temperature
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Page 4 Multiscale phonon transport Experimenal MFP spectroscopy rene.hammer@mcl.at

 simplified assumption: 

phonons only contribute up to 

a certain cutoff MFP Λ*:

...”Our approximation is that the ballistic group does not contribute to thermal transport due 

to the effectively infinite ballistic resistance; the thermal conductivity measured in the 

experiment is only due to the diffusive group...”

MOTIVATION: TDTR  MFP spectra (via pump spot size)
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Page 5 Multiscale phonon transport Experimenal MFP spectroscopy rene.hammer@mcl.at

MOTIVATION: TDTR  MFP spectra

(via modulation frequency)

50% of thermal conductivity accumulation @ RT:

• GaN 1.0 ± 0.2 μm

• AlN   2.5 ± 0.8 μm

• SiC 4.2 ± 0.9 μm
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MOTIVATION: TDTR  MFP spectra

(via heater structures)

Multiscale phonon transport Experimenal MFP spectroscopy rene.hammer@mcl.at

Zeng, Lingping, et al. "Measuring phonon mean 

free path distributions by probing quasiballistic

phonon transport in grating nanostructures." 

Scientific reports 5 (2015): 17131.

Al grating on Si substrate

Using suppression fuction 𝑆(𝜂) (derived from BTE) and lengthscale dependent thermal 

conductivity measured on for different metal linewidths 𝑘𝑒𝑓𝑓(𝑤)

 Cumulative phonon MFP distribution:

𝜂 =
Λ

𝑤
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MOTIVATION: Application

E.g. Infineon “CoolGaN” device schematics:

Multiscale phonon transport Typical power electronics device rene.hammer@mcl.at

500 nm

Example layer stack:

Reisinger et al., Appl. Phys. Lett. 111,162103 (2017)

50% of thermal conductivity accumulation @ RT [DOI: 10.1038/srep02963]:

• GaN 1.0 ± 0.2 μm

• AlN   2.5 ± 0.8 μm

Compare Si 0.5 μm, from
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Page 8 Multiscale phonon transport Typical power electronics device rene.hammer@mcl.at

J. Heat Transfer 139(10), 102701

MOTIVATION: Application

E.g. Infineon “CoolGaN” device schematics:

Normally Fourier type simulations are used 

(they are very wrong)
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MOTIVATION: TDTR  interface phonon transmission 

(enabled by ab initio computations)

Multiscale phonon transport Phonon interface transmission rene.hammer@mcl.at
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Multiscale modelling of phonon transport

 Different scales  different descriptions

Multiscale modelling of phonon transport Methodology @ MCL rene.hammer@mcl.at

• Position and 

momentum of all 

particles (atoms)

• Law of motion 

(Newton)

• Distribution function 

(phonons)

• Kinetic equation 

(Boltzmann transport 

equation BTE)

• Macroscopic variables 

(Temperature)

• Macroscopic transport 

equations (Heat 

equation and beyond)
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Page 11 Multiscale modelling of phonon transport Methodology @ MCL rene.hammer@mcl.at

Multiscale modelling of phonon transport

Methods

Molecular 

Dynamics

(MD)Density 

Functional 

Theory

(DFT)

Lattice 

Boltzmann 

Method

(LBM)

Fourier 

Heat 

Equation

(FHE)

T
im

e
s
c
a
le

Lengthscale

Lattice 

Dynamics

(LD)



M
a
te

ri
a
ls

 C
e
n

te
r 

L
e
o

b
e
n

 F
o

rs
c
h

u
n

g
 G

m
b

H
 -

w
w

w
.m

c
l.
a
t

Page 12

𝜔

𝜔1

𝜔2
𝜔3

𝜔4
𝜔5
𝜔6

• Gray approximation

All modes are represented by one representative isotropic constant group velocity 𝑣𝐺

𝑘

𝑦

𝑥

𝑧

𝑣𝐺

• Beyond gray approximation  dispersion lattice Boltzmann

Each direction, energy region and polarization has its own group velocity

Escobar, Rodrigo A., and Cristina H. Amon. "Thin film phonon 

heat conduction by the dispersion lattice Boltzmann method." 

Journal of Heat Transfer 130.9 (2008)

𝜔

acoustical
𝑝… longitudinal
transversal

𝑜𝑝𝑡𝑖𝑐𝑎𝑙

𝑘

𝜔1

𝜔2
𝜔3
𝜔4
𝜔5
𝜔6

𝑣i(𝜔𝑗 , 𝑝)

Multiscale modelling of phonon transport

Lattice Boltzmann method (LBM)

Multiscale modelling of phonon transport Lattice Boltzmann Method (LBM) rene.hammer@mcl.at
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Multiscale modelling of phonon transport

Lattice Boltzmann method (LBM)

Boltzmann equation in energy formulation

Discretize direction (i) wise   Lattice Boltzmann

Escobar, Rodrigo A. et al., International Journal of Heat and Mass Transfer 49 (2006).

e

x

𝑡0 𝑡 > 𝑡0

Convection part

Scattering term

= driving force back to 

equilibrium distribution 

𝑒1 𝑥𝑖 , 𝑦𝑗 , 𝑡𝑛+1 = 1 −𝑊 𝑒1 𝑥𝑖+1, 𝑦𝑗 , 𝑡𝑛 +𝑊𝑒
0 𝑥𝑖+1, 𝑦𝑗 , 𝑡𝑛

𝑒2 𝑥𝑖 , 𝑦𝑗 , 𝑡𝑛+1 = 1 −𝑊 𝑒2 𝑥𝑖 , 𝑦𝑗+1, 𝑡𝑛 +𝑊𝑒
0 𝑥𝑖 , 𝑦𝑗+1, 𝑡𝑛

𝑒3 𝑥𝑖 , 𝑦𝑗 , 𝑡𝑛+1 = 1 −𝑊 𝑒3 𝑥𝑖−1, 𝑦𝑗 , 𝑡𝑛 +𝑊𝑒
0 𝑥𝑖−1, 𝑦𝑗 , 𝑡𝑛

.

.

𝑒8 𝑥𝑖 , 𝑦𝑗 , 𝑡𝑛+1 = 1 −𝑊 𝑒8 𝑥𝑖+1, 𝑦𝑗+1, 𝑡𝑛 +𝑊𝑒
0 𝑥𝑖+1, 𝑦𝑗+1, 𝑡𝑛

Convection (“streaming”) Diffusion

𝑒0 𝑥𝑖 , 𝑦𝑗 , 𝑡𝑛 =  

𝑄=1

8
𝑒𝑄
8

Multiscale modelling of phonon transport Lattice Boltzmann Method (LBM) rene.hammer@mcl.at
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Multiscale modelling of phonon transport 

LBM, (an)isotropy for high Knudsen numbers

Multiscale modelling of phonon transport Lattice Boltzmann Method (LBM) rene.hammer@mcl.at

...in preparation

LBM SCHEME
𝐷
2
𝑄
8

𝐷
2
𝑄
6

𝐷
2
𝑄
8
𝑖

𝐾𝑛 ≈ 1.40 0.14 0.050.42 0.014

our time adaptive scheme
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Multiscale modelling of phonon transport 

Extending LBM to phonon transport towards the ballistic regime 

Multiscale modelling of phonon transport Lattice Boltzmann Method (LBM) rene.hammer@mcl.at

• use lattice points further appart for more lattice directions

D2Q32i

D2Q32iD2Q8i D2Q24iD2Q16i

K
n

 =
 ∞
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Multiscale modelling of phonon transport 

Extending LBM to phonon transport towards the ballistic regime 

Multiscale modelling of phonon transport Lattice Boltzmann Method (LBM) rene.hammer@mcl.at

LBM SCHEME 𝐾𝑛 ≈ 1.40 0.14 0.050.42 0.014

𝐷
2
𝑄
1
6

𝐷2𝑄16
𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑟𝑒𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛
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Multiscale modelling of phonon transport 

Extending LBM to phonon transport towards the ballistic regime 

Multiscale modelling of phonon transport Lattice Boltzmann Method (LBM) rene.hammer@mcl.at

adoptive number of directional discretizations
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Phononic heat transport

New paradigm: The Green Kubo Modal Analysis (GKMA)

Physical modeling of thermal transport A new perspective on thermal transport rene.hammer@mcl.at

Modal contribution to thermal conductivity

Heat current in real space coordinates (from MD runs) 

(N atoms vibrating about their equilibrium sites  3N normal modes)

Real space coordinates expressed in normal modes

GKMA = modal decomposition of heat current  mode-mode correlation

PGM = requires well defined phonon properties
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THANK YOUTHANK YOU

Verena Fritz

Natalia Bedoya

MCL THERMAL TRANSPORT PIRATES

DFT MD BTE TDTR         SThM

Jürgen Spitaler

Fourier

Thomas Dengg

Lisa Mitterhuber

Katrin Fladischer Verena Leitgeb

Stefan DefreggerRené Hammer

Modelling Experiments
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