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The Nobel Prize 1n
Chemistry 2013

B Nobel Media AB Photo: Keilana via Photo: Wikimedia
i Wikimedia C ons Commons
Martin Karplus FETRHTISGIE GO e
Michael Levitt Arieh Warshel

The Nobel Prize in Chemistry 2013 was awarded jointly to Martin Karplus,
Michael Levitt and Arieh Warshel “for the development of multiscale
models for complex chemical systems".

http://www.nobelprize.org
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Outline

= QOverview of multiscale multiphysics predictions
= Thermal conductivity of thermoelectric materials
= Phonon mean free path distribution

= Radiative properties in the visible band: photon-electron
Interaction

= Radiative properties in the far-infrared band: photon-phonon
Interaction

= Summary and Acknowledgements
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Length and Time Scales of Simulation Methods
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= Parameters obtained in a smaller scale simulation can be
fed into larger scale simulations.
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Power sup
http://mww.micropelt.com/pro

ducts/thermogenerator.php

PC hardware

Thermoelectrics

http://hothardware.com/Articles/Del

[-XPS-710-H2C-Performance-
Gaming-System/?page=4

/N

Solar power converter

Thermo power
generation

Thermoelectric
refrigeration

Refrigerator

http://www.germes-
online.com/catalog/93/460/page9/261219/ther

http://worldwide-energy.net/

CASSINI SPACECRAFT

Low~Gain
4m;:l\u:|—&nln A Antenna (1 of 2)

Radar Bay

Flelds and
e — = T

4 = slectric
Generator (1 of 3)

/ .
/ 446 N Engine (1 o 2)

Space missions

http://www.abovetopsecret.co
m/forum/thread305010/pg1

moelectric_refrigerator.html

Car air conditioning
http://blogs.edmunds.com/greencara
dvisor/2008/12/energy-efficient-
automotive-climate-control-goal-of-
federal-private-project.html

Clean energy

http://www.arxiel.com/#

PURDUE cofege

Sitnsi. .+ OfEngineering




Figure of Merit ZT

Heat Input

S20T B S2g T

= Figure of merit:  zr = — =
e l

e S: power factor
» 0. electrical conductivity
« k:thermal conductivity
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Bi, Te; Bulk and Nanostructures

Bi,Te, Sb,Te,
e® o ® o-38i
.. -~ .' __Tal dg dg
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e , ® [e2  Tel-Te' VanderWaal Bonds ——————-AF,
o :
o e .
sy O 2% ° Venkatasubramanian et al,
I“ A I Nature, 2001
e ® o 2
BiETCBl. ° o '. & | !.:; ~1
block : a !l nm
[ ] [*]
L w=Sw_ g
[ 2 ]
L o N
s o o, ©
e 2l
=, 0  -®

= Bi,Te;: Layered structure similar
to graphite.
= Van Der Waals AND weak

electrostatic interactions between
quintuples.

Zhang et aI Nat Phys 2009

Zhou et al,
= :-, S Appl. Phys.

Teweldebrhan,
Goyal, and Balandin,
Nano Lett. 10, 1209,
2010.
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PbTe Bulk and Nanostructures

a ZT =11 ZT =17 ZT=22

= PbTe: cubic structure similar to NaCl

Atomic scale =~ €—> Nanoscale @~ <€—> \Mesoscale

b 2.4+ —@— 4 mol% SrTe, 2 mol% Na: SPS .
| —€©— 2mol% SrTe, 1 mol% Na: ingot (ref. 14)
—A— 0mol% SrTe, 2 mol% Na: ingot
2.0 5 -
2 SPS
1.6 -
* PbTe:Bi,Te=27:1
" « mreste21 | ZT=1.2, 650K - Ingot
] : . EMA N 124 :
° 06-(B) 1
1.0 . - ]
N 05} z - 4
5 %8ra . £ . | _k 0.8 -
s, PbTe-Bi,Te, E ke
s} Heterostructures J P k
. 0.4 il
B AP E oil ¥ 1
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Fang, Feng, Yang, Ruan, Wu, Nano Lett., (2013). K Biswas et al. Nature 489, 414-418 (2012)
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A Molecular Dynamics Demo on a 2D Lattice

time 0.0041 ps

® A falling ball and stacked balls

|

The falling ball hits the stack
00000 OOOOOOOOOOGYS
FEEEXEFEEEREERERERERE l
 FEEEEFEEEEERRERERE
S000OOOOOOOOOOOGYS
FEEEXEFEEEREERRERERE
00000 OOOOOOOOOOGYS l
FEEEXEFEEEREEERRERERE

 EEEEXEFEEEEERERERE
FEEEXEFEEEREERRERERE
XXX XEXXEXREXXRXXK

The vibration pass through the stack

Those stacked balls keep Small vibrations

http://en.wikipedia.org/wiki/File:Cudeposition.gif
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Basic Algorithm

Give atoms initial positions =%, choose short At

y

Y

Get forces F=-V V(r?) and a = F/m

A 4

Move atoms: r*") =) +vO At + 1/, A2 + ..

A 4

Move time forward: t =t + At

Repeat as long as you need
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Definition of Temperature in MD

= Kinetic energy per degree of freedom of a particle
1

> Ko T
= A particle in 3D has 3 degrees of freedom, so
3
Ek — EkBT

= The kinetic energy for a N-particle system:

3
(Ek)N ~ E|\|kBT

= Temperature is defined as:
1 3 1
] — Vi==Nk.T = T=—1H V.2
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Thermal Conductivity Calculation Methods

= Non-equilibrium method: non-zero temperature gradient
* Fourier Law

—-J
J :—kd—T K= i
g dy dT / dy

» Sijze effectis more serious

= Equilibrium method: no temperature gradient needed
« Using the fluctuation-dissipation signal of the system
» Better control of size effect

d d

SZ_TIE—_T ”,_j +E ] 1 - TON:TO T

dt = dr < k= — —
I|:'|:|1'__Tl- g :

S = TEu +— T[f v,

i L;_..
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Classical Potential Development

V(r)=D(1—e )2 (= |D,=?,a="71 =1

Potential
parameterization
Configuration creation Energy surface
generation
® 0000 5
8890 0000 0800 O 890 —>
0830 0000 000g ©00e $
0000 0000 ooog 000 3
[ I A :
[ ab-inito calculations ] 0 .
' ; ' '
E1l E2 E3 E4
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Potential Parameterization

TABLE I. The short-range interatomic pair potential for Bi,Tes.
Here r is the separation between atom pair and r,. is the cutoff

distance.
D, a ry re

Interaction (eV) (1/A) (A) (A)
Tel-Bi 0.975 1.285 3.089 4.0
Te2-Bi 0.582 1.257 3.251 4.0
Tel-Tel 0.076 1.675 3.642 5.0
Bi-Bi 0.085 2212 4.203 5.5
Te2-Te2 0.066 2.876 4312 5.0
Tel-Te2 0.807 0.731 4.497 5.5

TABLE II: Comparison of computed elastic constants C'n3 and bulk modulus B

0.08
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0.06 -
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|
|

Phonon DOS (arbitrary unit)

——Classical interatomic potential .
initio ;
41 — — Experiments .

N
N

Phonon dispersion

Frequency (THz)

Phonon DOS

with other works and experiments

Ci Cia2 C14 C's3 Claa Ces B
Ultrasonic experiment(0K)® 74.4 29.2 15.4 51.6 29.2 26.2 39.5
Many-body potential MD(0K)® 69.0 21.6 12.3 54.8 28.8 26.7 34.4
This work(0K) 5.4 23.7 11.0 49.3 23.5 25.8 37.3

Qiu and Ruan, Phys. Rev. B, 2009.
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Thermal Conductivity Prediction from MD

= Equilibrium MD in the NVE ensemble.

= Green-Kubo method

ad 7l
- 5:—‘? ,E_——‘,':Tt 'IE +E,
General: 2= y

T } o T T T T T T T T T
Two-body: S= 2 EVi+- T[Fr,r 1 < I -
= 2 iJ £ —m—Calculated cross-plane ]
= A —eo—Calculated in-plane
oo/ v o) T4l v —v— Experimental in-plane i
= A= " = v, Experimental cross-plane
;o 1 -.5',.” E"'.,I:Il.:' 5 v xperimental cross-plane
- e - = \v
L] —.l;. L —\._'_J‘ 3 -
kpd =V Iy 3 - N\,
> \\:\v
= 2 * N .
E u.\\;‘v\:
5] I S
o1 =t
; = ™
2 ] D P
=
-

100 200 300 400 500
Temperature (K)

Qiu and Ruan, Phys. Rev. B, 2009.
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SMNW

Cross Section
oo

Side View

Thermal Conductivity Reduction

in Bi,Te; Nanowires

].:j I T T T JIIII I

(W/mK)

21,0 +

ivit

g
"g L
8 —_—

#] #2 #3 #4 —_ L - -l
6=13nm  F=4nm =08 nm  5=0.8 nm Z0.54 amm T E L ]
D=2.30nm D=9, 3nm D=52nm D=52nm ; 5 -

T = s SMNW., MD
C é‘+ ) E I E e STNWHI, MD |
W3 = STNW#3, MD
D = —— SMNW, model
PRC L STNW, model
— 0 T T T T T T ” T
I — 3 4 5 6 7 8 9 30

Diameter (nm)

Qiu, Sun, and Ruan, Phys. Rev. B, 83, 035312 (2011)

» Diameter decreases - thermal conductivity decreases

* Bulk > SMNW : 50% lower thermal conductivity

« SMNW - STNW: additional 35% lower thermal conductivity
» At 30 nm diameter, no significant reduction seen
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Temperature dependence of k;

| ! | ! |
. - Bulk ] Diameter D = 5.2 nm
— e SMNW
ﬁéi —a— STNW#3
= ---o--- STNW#4
< 3- - Trend Curvel | T dependence:
= . Bulk
I \x 1 Bulk
I I T > SMNW
Q 2- N 4
© : S~ ' > STNW
©
£ -SMNW
Q 17 3 B {E 1 Surface roughness scattering
£ 7 ; Independent of temperature
E P ere e S _—.— :-%
STNW -
0 T T 1 ' !
200 300 400

Temperature (K)
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(a)

m/s)

Sound velocity (

Sound velocity and Relaxation time

Ky = kop exp(—aly /D) x

1600 7

= 1400 -

1 1000 -

800

1200 —/- STNW 1
SMNW, model 4

+ SMNW,LD
---- §TNW, model -
— - Bulk

. softened

~ Acoustic modes

7

(1- mme.:. 1)‘37’:13'(_ 3R mﬂu{.g r)
1 + (H_p}(fn/D) + BQT((S//D
" SMNW: A
Minimal boundary scatterings
STNW:
. Rough surface -> strong scattering
(b) 4.0 -
z | Bulk _ _ _ _ ____ __
g2 T p=094
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e STNW. -~ p=0.74
_E — SMNW, model -
4 - ---- STNW, model
— - Bulk
2.0

. reduced

~ Sound velocity

i 04 5 6 7 & 9 10

Diameter (nm)

Qiu, Sun and Ruan, PRB 2011
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o Te
i, ”" }an’[u o Bi

“‘ Quintuple

¢l (e ¢

b a

Temperature dependence
Slngle qumtuple film

Thermal Conductivity of Bi,Te; Thin Films

Thickness dependence
Room temperature

—a— Perfect films

Lattice thermal conductivity (W/m-K)

T N 1 N T

< 3] +pf:rtect hlm | 1-
= —perfect bulk \/—>
_5 l\ |
E = 2 _ 4
—'5:: :E ' 0 J T ' T T v T Y T T
v B 1] 0 2 4 6 8 10 12
E S Number of quintuple layers
s 8
= o,
200 300 400 500 Qiu and Ruan, Appl. Phys. Lett. 97, 183107 (2010)
Temperature (K)
Coll R b,
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Thickness Dependence - Phonon Point of View

5 4
bulk
0.2 l{ R 1/
—_ H
g ZA mode /
= 1 hardening
S
L
-
: )
—
S Increased ZA Saturate to bulk
g e Ly group velocity group velocity
0 L
—— 1 layer

g | e o
LI suyes| More states Saturate to
g i for U-scattering bulk DOS
,Eéo.ooz Vil ﬁ
g & L/L DOS

] ~ M broadening

g . - —
’ ' Phoncs fequeney (TH) : Qiu and Ruan, Appl. Phys. Lett. 97, 183107 (2010)
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Outline

= Qverview of multiscale multiphysics predictions
= Thermal conductivity of thermoelectric materials
= Phonon mean free path distribution

= Radiative properties in the visible band: photon-electron
Interaction

= Radiative properties in the far-infrared band: photon-phonon
Interaction

= Summary and Acknowledgements
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= Gray approach

X

K :g?N%¢

1 5
3

Mean Free Path (nm)

= Spectral
approach

Kx = chvs,xrk V
v k

100,000.0

10,000.0 (\

1,000.0 E& ’)'eff

100.0 _%ﬁ \

Thermal Conductivity and Phonon MFP

Mean Free Paths of Silicon by Polarization L

1 T

10.0 =Y

A
1.0 e

0.1

0O 10 20 30 40 60 60 70 80 90 100 110
Frequency (rad/s)

(modified from Figure of Jayathi Murthy)

=0o=_A
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A LO
-=TO
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Phonon Normal Mode Analysis

Spectral energy density function

MD simulations : ..
IIJ(k! v, f) = ‘F[Sk_.v(t)] ‘2

\L 4 — C'Yk v
Atomic velocity drric (F = fi )PP +
\l, Lorentzian form
Normal mode > "“’ SCN T . o \
amplitude "' = \/\ - (t*“ e Vel ro) = Spectral peaks fitting

I

Eigen-displacements

Lattice dynamics o \
W

Re'l'erences: Ca|CU|ati0nS

«A. J. C. Ladd, B. Moran, and W. G. Hoover, Phys. Rev. B 34, 5058 (1986). wider peak = shorter 1
* A.J.H. McGaughey and M. Kaviany, Phys. Rev. B, 2004.

*A. S. Henry and G. Chen, J. Comput. Theor. Nanosci. 5,1 (2008).

* N. de. Koker, Phys. Rev. Lett. 103, 125902 (2009)

« J. E. Turney, E. S. Landry, A. J. H. McGaughey, and C. H. Amon, Phys. Rev. B 79, 064301 (2009)

*J. A. Thomas, J. E. Turney, R. M. lutzi, C. H. Amon, and A. J. H. McGaughey, Phys. Rev. B 81, 081411 (2010)

* Qiu, Zhang, Wu, and Ruan, Comp. Mat. Sci., 2012.

* Qiu and Ruan, Appl. Phys. Lett., 2012.
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Relaxation Time and Mean Free Path for Bi,Te,

100

o 200
' a) S b)

2 80 '- <
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= N CCLS Fitting of TA o
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g 40 ;
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&-’ 2ok § 50

°
o
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2 g 1
© =]
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S 3 -
8 [S)
S 20 < i
<

1 1 1 1
%1 10 203 10 12

1 4 6 8
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Wang, Qiu, McGaughey, Ruan, and Xu, J. Heat Transfer 135, 091102 (2013).
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Results for PbTe

Relaxation rate

T " T T T
()() Tl | *
"N R
~, f_, LA j
= _ﬂ
".._; ,}\/ w‘ 3
E 047 3 | -
o | 020 *
= @ | S
3 ' o D.? "
3 Y i 3
=4 L] *
g 0.2 | [
= ; B LA« OLAp
£ ] * TA
= ’ =04 « L0 +TO
L — f* trend curve
0 ____!;, : T T T T
0 ] 2 3 4

Phonon frequency (THz)

Composition of thermal conductivity

Phonon mean free path (nm)

" LA,u OLAP ]
e TA 3
« LO  TO

——TA trend curve
—— LA trend curve

ok .
* ok
74"
* ’ 7
3 4

Phonon frequency (Tl{é}

= Sub-10 nm nanostructures are
needed for PbTe for size effect.
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E f’/ / /'/’

5 80 | !/f /'/.

= )’j /'f /‘

£ 7/ f”

2 60- ; / , |
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% lﬁl| .'Il .”:f
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D ] r'
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2 207 R ——PbTe, 300 K
= J /“ / ———PbTe, 600 K |
= A / - Cﬂllum [32]

5 O BRERILRLLLL II_"'i'l T III-'ml-—'d""“'l LR L LLLL IR LU L
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Phonon mean free path (nm)

1E6

Qiu, Zhang, Wu, and Ruan, Comp. Mat. Sci.,

2012.
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Outline

= Qverview of multiscale multiphysics predictions
= Thermal conductivity of thermoelectric materials
= Phonon mean free path distribution

= Radiative properties in the visible band: photon-electron
Interaction

= Radiative properties in the far-infrared band: photon-phonon
Interaction

= Summary and Acknowledgements
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How Solar Cell Works

Sunlight

Electron

rlow Photons

\ '- -'r. i |
o a0 n-type | p-type

silicon | silicon

Junction
"Hole”
Flow Sol_ar Panel
_ _ N Diagram
http://deviceace.com/science/266/more-efficient-solar-cells- & Ron Curtis & WSsiarcom

thanks-to-cnt-films-that-transmit-infrared-light.html
http://mrsolar.com

= Three steps: (1) Absorption of solar photons and creation of

electron-hole pairs; (2) Decay of hot carriers; (3) Diffusion of

carriers to electrodes.
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surface
reflection

Yy

shading by top
contact coverage

One Loss Mechanism: Reflection

1E+07

Absorption Coefficient of Silicon

|
1E+06 =S

1E+05

1E+04

1E+03
1E+02

1E+01

1E+00

1.E-01

1.E-02

1.E-03

absorption coeffcient (/cm)

1.E-04
1.E-05

1.E-06

1.E-07 -
1.E-08 + .

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
wavelength (nm)

B,
|A‘.

http://pvcdrom.pveducation.org/APPEND/OPTICAL.HTM

= Light is attenuated according to the Beer—Lambert law: | = l,exp(- oL)
* 0: absorption coefficient [1/cm]

e L: thickness of the film

= Silicon has low absorption coefficient. For example, o is on the order of 1
cm-Lfor A = 1,116 nm (band gap), indicating that 7 mm thick Si film is

needed to absorb 50% of the light at that wavelength.
= A major loss mechanism for both solar photovoltaics and solar thermal.
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Nanoscale Control of Radiative Properties

= Solar-photovoltaics: silicon nanowire arrays

n-type a-Si . L it
wonm), 1P coptec @ 1 BT I T OH %
w @ .
Ta;N p-type SiNW = Ordeted Random Position
(&) | metalfoll g. " '
,§ X n l' J tl
1 ||||” III illl

Random Diameter Random Length

= T é 25 3 35 4
Photon Energy (eV) Bao and Ruan,
Opt. Lett, 2010

®) Al
Tsakalakos et al, APL, 2007. Hu et al, Nano Lett., 2007

= Thermal radiation (such as solar thermal): CNT arrays

1.4% Reflectance VA-CNT  Glassy Carbaon

Yang et al, Nano Lett, 2008
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Atomic-scale Control of Radiative Properties

= Atomic-scale control: atomic structure - radiative properties

 Bulk materials

* Nanomaterials in the quantum confinement regime: bulk dielectric
function no longer applicable (quantum size effect)

Quantum dot

= Multiscale control:
« Example: CNT array. The radiative properties are
determined not only by the atomic structure of each
individual CNT, but also by the long-range order or
disorder of the array.
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Absorption Spectrum of Semiconductor

Ultraviolet

Far-Infrared
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Ground State Ab Initio Methodology

= Density functional theory to solve the Kohn-Sham equation

{_ e +VK8:|¢nk (1) = €4 P (1)

2m
= Fermi’s golden rule — imaginary part of the dielectric function

" 4;’1‘ 2
€, o (W)= 02 Z Z Wk

ieVB,jeCB Kk

2
pﬂ‘ O(egj— € — w)

= (K j|p.|Kki) is the transition matrix element.

= Kramer-Kronig transformation — real part of the dielectric

function 0o r o
’ 4 rw € (w )
e (w)=1+-P dw R
T 0 w = —
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Samples provided by Tim Fisher

Ultra-Low Reflectance of CNT Arrays

R=2.14%, »=268 nm

Reflectance (%)
N

—
T

Reflectance

0 . I . 1
200 400 600

Wavelength (nm)

= Monte-Carlo simulation of inhomogeneous array
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Light Trapping Mechanisms fOf %I N\N fArrays

Anisotropic Scattering

g

Small reflection

Internal resonance

4

Absorption peaks,
absorption enhancement

Multiple inter-wire scattering

4

Absorption enhancement
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Bao and Ruan, Opt. Lett. 35, 3378-3380, 2010.
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Dielectric Function for Four Chiralities

S-polarization GW/BSE (E,q, E,)) Exp. (Ey, Ey)
(eV) (eV) [1]
(11,0) 1.18, 2.67 1.21, 2.69
(10,0) 1.01, 2.34 1.11, 2.36
(8,0) 1.56, 1.85 1.62, 1.88
(6,6) - metallic 2.53, 3.77 --
12
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st | -y °l
—_— (6:6) 8 I
20 | i
w™ 15 s-polarization «™ © p-polarization
10 4r
5+ k 2 J)
%.5 110 1? 20 25 3.0 35 40 45 5.0 0 AZ 4 6 8 10
Energy (eV) Energy (eV)
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Electromagnetic Simulations of Absorptance

— L=1pm
— L=2 ym
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A. Sisto, X.L. Ruan, and T.S. Fisher, J. Heat Transfer, in press, 2013.
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Outline

= Qverview of multiscale multiphysics predictions
= Thermal conductivity of thermoelectric materials
= Phonon mean free path distribution

= Radiative properties in the visible band: photon-electron
Interaction

= Radiative properties in the far-infrared band: photon-phonon
Interaction

= Summary and Acknowledgements
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Oscillator Model Oscillator Strength
) v
S &t
—wzl )
{8

£(w) = g-ﬂz

K;, v

Resonant Frequency Damping Factor

Bound Charge

mX-m,yx+Kx=qkE

= To determine the dielectric function, the resonant frequency, oscillator
strength and damping factor need to be obtained.

= These parameters are usually obtained by fitting to experiments.
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Oscillator Model and Phonon Properties

, . A
Born and Huang’s forma\llsm, W = (Q> (g — “_)_‘L
. 5% o-e
.. . cw) _, wb(e(0) — (o))
—wW = bpyw —yw + b e(o0) + W2 — w2 — iwy
cw)= B E o0 0O0--0
EQE -
When E=0, and define wi = (wj—~7/4)"/ c-eo 00
> w = Ae "2 cos(wt)€ 0 ¥ o* @
TO phonon in relaxation time approximation
qro = Be ' cos (Ldfof)< _ _ _
Macroscopic Polarization
Therefore, w0 ~ wy ~
{ TO LO Frequencies
= 1/2 R
Lyddano-Sachs-Teller (LST) relationship > =(w) " W2 — Who
wro [ £(0) r £(00) wo — w? — Z(Q%ﬁ)w
Wro £(o0) ~ Phonon Linewidth
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Phonon Dispersion

Using an 8 X1 X1 conventional cell of GaAs

Hua Bao

Ab initio molecular dynamics implemented in VASP, 80 ps NVE trajectory at 300 K

300 - T

T ——'——LHE;_ . | Parameters| This work|Neutron|Infrared
_'_‘!'——J!___i _h__-'i"-—-__l . 1
250 | ] _ . -
_ f_’i WTo 271 267.5 268.2
—~ 200 + This Work A
£ _ Experiment A WLO 286 285.2 201.5
g 150 k ’f{f}lf
5 - A
S 100 e _ _
£ R «  Our calculation agrees well with
0 T experimental results.
v
0=
I b4

Bao, Qiu, Zhang, and Ruan, J. Quant.

Spec. Rad. Trans., 2012.
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Damping Factor

20l Experiment o
| —'I[Eltl:PT rk *x “ o° &Oo o™ &oo
. IS WO . . ) &
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0 50 100 150 200 250 300
Temperature (K)
Bao, Qiu, Zhang, and Ruan, J. Quant. Spec. Rad. Trans., 2012.
(DFPT from Debernardi A. Phys Rev B 1998;57:12847)

supercell is used for the
calculation.

« The first direct comparison between the predicted phonon line-width (reciprocal
of relaxation time) from phonon normal mode analysis and experimental data.

« Discrepancy between our work and experimental results is probably due to the
size effect of the MD simulation.

« Also, impurities in the experimental materials can give larger linewidth.
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Dielectric Function and Normal Reflectance

a b C
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I — p 8
200 F ’I s B E
=150 | - Top| B 081 Incidence
g L I exp D 3 R
2 100 1 0 é 0.6 |-
— L :‘ E
S 50 5 5
§ o ) = Dol —
o . 5 = Semi-infinite
2 .50 H sl GaAs Slab
-100 E
_ \ % |
-150 RN R RN - N 0 PR ORI - ol 55 s R 0.0
25 30 35 40 45 50 25 30 35 40 45 50 25 30 35 40 45 50
Wavelength (um) Wavelength (um) Wavelength (um)

= |mplications: engineering infrared properties through the
manipulation of optical phonon lifetimes.
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Summary

= Multiscale multiphysics approaches can be used to link
macroscopic thermal properties with atomic level structure.
Such approaches are very helpful for a deep understanding
of thermal properties.

= Thermal transport property manipulation that is not possible
at the bulk scale can be achieved at the nanoscale, by taking
advantage of boundary, interface, and quantum confinement
effects.

= Nanoscale control of thermal transport can potentially
enhance the efficiencies of energy transfer and conversion.
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Outlook

= More sophisticated interatomic potentials for use in classical

MD simulations.

= Direct first-principles methods that can bypass the need of
using empirical interatomic potentials

. DFT-

BTE-MC

e Ab initio MD
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