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Outline

= Session | (1:30 PM - 3:15 PM)

1. Introduction (McGaughey)
2. MD simulation, Green Kubo, direct method (Ruan)

3. Harmonic lattice dynamics, spectral methods (Ruan)

= Session |l (3:45 PM — 5:30 PM)

4. Anharmonic lattice dynamics, first principles (McGaughey)

5. Phonon-boundary and phonon-defect scattering (McGaughey)

6. Phonon-electron coupling and non-equilibrium (Ruan)
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= 3.1 Harmonic lattice dynamics and phonon
dispersion

= 3.2 Phonon normal mode analysis
= 3.3 Phonon wave packet method
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leat Conduction: Broad Band Phonons
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Two-Atom Chain

Lattice Constant, a

M, M, < >

— .

equilibrium coordinates: Y ¢ X Xs+1
displacements: Vg 4 Ug V, Ugsq
= Equation of motion:
M, d;;s =C(v, +v, ,—2u,); (1)
O T I )
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Solution of the Wave Equation

= Assume a wave solution in the form
u, =u,exp(isKa)exp(—iwt)

v, =v, exp(isKa)exp(—iwt)

= Then the equations of motion becomes
—&°M u, = Cv, |1+ exp(-iKa) |- 2Cu,
~w’M,v, = Cu, [exp(iKa) + 1] —2Cy,

= The homogeneous linear equations have a solution only if
2C - M0’ —C|[1+exp(—iKa)]

=0
-C [1 + exp(iKa)] 2C-M,w’
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Dispersion Relation

= Group Velocity:

0
: | | dw
[ 1 1 \1" _ Optical phonon branch Vg =
+ i D O dK
(2 C i ;%{52) 1/2
]
M, > M, 5- ,
i
%C@us%z{zai g
ph@m:}n branch §
A i
4 - K
a Kittel, Introduction to

Solid State Physics.
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Dynamical Matrix Approach
2C- M0’ ~-C[1+ exp(—iKa)]} o

det
—C[l + exp(iKa)] 2C-M,w’
or T .
2C
— 1 K
d % ,—MM[+eXp la)}_ oyl
et < C 2 Q) 01 >=0
k_\/m[l+exp(il<aﬂ A _
= Define (O i
— 1+exp zKa)
D(K) = M, \/MM [ ] Dynamical
2C Matrix
\/W[l+exp zKa)] E _

" So det| D(K) -1 |=0
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Atomic Position Nomenclature in 3D

= An atom in unit cell n and at basis n'fh wn cel
position a has an equilibrium O
position r,_ e

= Subscripts i and j denote direction L .

= Subscripts m and g denote the I |
position of a different atom in the o Ruo™ T Lo+ 5
lattice (analogous to n and «) 0

= Perturbed expression for the gmii_ _ 09
potential ¢ (like a Taylor series " OrnaiOrms;
expansion)

':.‘r“"ll{r:-:!.m: T Snm}} — Ur -Jm-e:}_;l T 57 %nai T o B O
vt L OT gy O Vi
0 because assumed zero potential and first
derivative at the equilibrium position

Snoi Sm g
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Equations of Motion

= The force on the atom at position na along direction i can be
expressed in terms of the spatial derivative of potential

energy . _ 0w tSw) | gy g g
nai B - nai “mpBj 77 aSnai

noi

= Atomic displacement s can be expressed as a Fourier wave

s = : u,,(K)exp(—iot +iK-r,)

- The wave vector K is an important parameter (inversely proportional
to wavelength)

- Wave frequency o gives the rate of vibration of the wave
= Substituting into the equation of motion, we find

1 .
2 _ B :
@ uai(K) _ CDZOU'] eXp [ZK.(rm _rn)]uﬂ] (K)
M M,
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Dynamical Matrix and Dispersion Relation

= The dynamical matrix contains each “spring constant”

. 1 . 1 .
DY = ©7% exp[iK-(r, —r,)] = ®}% exp|iK -, |
JM M, ’

\/m nai

» Second equality from translational invariance, and r, is defined as r,,
—_— rn

= The euqation of motion becomes
(D - @88 Yy, (K)=0

= Where ¢ is the Kronecker delta (identity matrix).

= The dispersion relation defines the relationship between the
wave vector K and frequency o and emerges from the
secular equation,
det[D(K) - 2] = 0
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Phonon Dispersion of Silicon

= Phonon dispersion is typically
plot along high symmetry lines in
the first Brillouin zone.
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Reduced (dimensionless) wave vector q
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Spectral Phonon Properties

3N vibrational modes Group velocity

dw

v: dispersion branch V=—-0,=V X
dk

k: wave vector ‘ y T P————

:
P i B ]
5 s Y Nl
:‘ !' |' |‘ ll l‘ '(
¥ v (] i i] ¥ 2
e B S B Sl S v 17 .
o T i /
A Te /':
4 T T LY
for oy fi ]
N atoms

Kx — Cv,kvv,k,xz-v,k

Specific heat VK Relaxation time 7.,

on®
K=K,+K,+R K+K,=K;+R

Cyik = how —— <
V,k aT KlK R K,
1 ¢ b :

K
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= 3.1 Harmonic lattice dynamics and phonon
dispersion

= 3.2 Phonon normal mode analysis
= 3.3 Phonon wave packet method
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Phonon Normal Mode Analysis

MD simulations il R Wl
Atomic velocity  proader peak = shorter

’ :

S‘;n‘j ZJEul’b(t)e;b(k,v) exp(—i[wt — k- r])dt
I

Molecular dynamics > Eigenvector
or lattice dynamics

2
3 n N¢ -
Second version & (k, w) = 7 7 7] /%uéb(t)exp(—i[wt —k-r])dt
= o | T 70 ¢

without eigenvector:

References: We proved that ® = ®'. Feng, Qiu, Ruan, JAP. 117 (19), 195102 (2015)

1. A. J. C. Ladd, B. Moran, and W. G. Hoover, Phys. Rev. B 34, 5058 (1986). 2. A.J.H. McGaughey and M. Kaviany,
Phys. Rev. B (2004). 3. A. S. Henry and G. Chen, J. Comput. Theor. Nanosci. 5,1 (2008). 4. N. de. Koker, Phys. Rev.
Lett. 103, 125902 (2009). 5. Thomas, Turney, lutzi, Amon, and McGaughey, Phys. Rev. B 81, 081411 (2010). 6. Qiu
and Ruan, Appl. Phys. Lett. 100, 193101 (2012). 7. Feng and Ruan, J. Appl. Phys. 117, 195102 (2015). 8. Feng,

Ruan, Ye, Cao, Phys. Rev. B 91, 224301 (2015).

Spectral energy
density function
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Spectral and Accumulated k
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= Discretize MFP into bins

v.s. MFP

035437 (2013).

10 100 1000 10000
MFP (nm)

100

= For each phonon mode,
find its MFP and assign it to
a bin, add its spectral k to
the spectral k of that bin.

= Accumulate the spectral k
over MFP. 0
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Henry and Chen, JCTN 5,1-12, (2008).

Yang and Dames, PRB 87,
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Relaxation Time and Mean Free Path for Bi,Te,
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Wang, Qiu, McGaughey, Ruan, and Xu, J. Heat Transfer 135, 091102 (2013).
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Total phonon scattering rate for perturbed systems

=  Small perturbation to bulk system: substrate, impurity, etc.

= Assumption: the perturbation little affects the phonon dispersion, but
affects the phonon scattering rates.

= The total scattering rate is calculated for multiple phonon scattering
mechanisms without touching the detailed interplay process.

Relaxation O | e —— =
- ot
time (ps) £
50 B0 0D
40 § 30r—S
0 Fa ©
-
=1 S 10
10 g Y
0 £ OF K

Qiu and Ruan, Appl. Phys.

Lett. 100, 193101 (2012). ZAp
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Spectral and Gray Approaches
= Mean free path e

ﬂ’v,k =V, Tk Long 1, k Short 4, i
- SpeCtral Mean Free Paths of Silicon by Polarization L
100,000.0 —
approach ——
PP 10,000.0 \ — —
B b _ —— == | A
Kx o ch,kvv,k,xTV,k E_ 1,000.0 === === —— ./jpeﬁc : , -==TA
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; 5 LO
1000 . Vi S ;
= Gray approach  § Sk = T
g 10.0 | | | I | I ““.“.
Q 5 : : i i i : : B
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Frequency (rad/s)
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Thermal conductivity accumulation

Feng and Ruan, J Nanomater. 2014, 206370 (2014).

100 | .| Phonon mean
= ,—/-’J free path in
= A nanostructures
= 80 |- of 7
- |
é = - 1 1 1
- Diamond — +
S 6ok - - =S (Iterative) - y) A L
= —-—- Si (Standard) p v,k
E GaAs

GaAs/AlAs SL
N N 1 /| . e | L needs to be
£ —mmese. | comparable to
2 Mg,Si or smaller than
3 20 | —-=- Mg,Sn - .
g S A,  for size
: effect.
10" 10° 10' 10° 10° 10°* 10° 10°

Phonon MFP (nm)
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Thermal conductivity accumulation: experiment
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Minnich, Johnson, Schmidt, Esfarjani, 10 L

Dresselhaus, Nelson, and Chen,
Phys. Rev. Lett. 107, 095901 (2011)

Lp, MFP (um)

10!

Regner, Sellan, Su, Amon, McGaughey,

Malen, Nature communications 4, 1640

(2013)
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Other Modal Analysis Techniques

= Modal Heat Flux Decomposition in NEMD:
« Zhou, Zhang, Hu, PRB 92, 195204 (2015).

= Modal decomposition based on Green-Kubo
* Lv, Henry, New J. Phys. 18, 013028 (2016).
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Non-
metal

N 7

Spectral Matthiessen's Rule revisited

J \J\ S
\z .'-'fa'i’\ 183 o,

Heat carriers:
phonons

Impurities exist everywhere: isotopes, Si,Ge,_,, PbTe,Se,,, Bi,Te; ,Se,, etc.

Phonon-Phonon

Phonon-Impurity

= Spectral Matthiessen's Rule:

-1
T) tot

? T/1117p

A: phonon mode

_|_

-1
T/lp i
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spectral energy density (arbitrary unit)

spectral energy density (arbitrary unit)

Total phonon scattering rate without and with impurity doping

70 | .
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70+ .
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Phonon-impurity scattering rate
K" reflected phonons

K” KII
1 144
Tyi _ZN waz:ng eb eb wy!) K K

b A#A
_ng w2D(w) Impurity scattering rate
2
2 = o1l
AM; . 5
g = n; | —— Mass perturbation >
M
7 © 0.01}
D(w): Phonon density of states 8 1E3}
L :
C 1e4l
S. Tamura, Phys. Rev. B 27, 858 (1983) g’
& 1ES5E
© § Si-isotope
»  1E-6 3

0 2 4 6 8 10 12 14 16 18
o/2r (THZz)

I s VR ke |
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140

Scattering rates and thermal conductivity

T @ BK-MD' '
f% o NMA(L) ]
| x —Msrule(t m)—
5 %_

)

— n—
| | N | |
0.5 1.0 1.5 2.0

*2Si concentration (%)

Feng, Qiu, and Ruan, Phys. Rev. B. 92, 235206 (2015).
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Coupling in Isotope-Doped Silicon

0.4% 42Si doped 0.4% - 2% “#?Si doped
(8)0.09 — T, - - Tatwaret (b) F ™ & Bkmp™
U0e rg L 1 e ® NMA ()
0.07 e T 7 include coupling |
BUlk ’o:fg - tot,A . !B- 120 E3 piing |
- o O M's rule(ty,+1; ;\) 51 < ) —— M's rule (1: I;L)
Slllcon :005 '% Ta AT ?L"Tcoupli\ é '- 5100 -i i -
300K 1. o004} =
B =
003 ” <] BT * 5 "N
0.02 | i 1 eolk * i
0.01 | | ;{
0.00 » 5 : Lt 40 PR T, NS T S
b 1 2 3 4 5 6§ & 0.5 1.0 1.5 2.0
/27 (THZz) “23j concentration (%)

Feng, Qiu, and Ruan, Phys agrees well with GK and NMA

Rev. B. 92, 235206 (2015).
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= Harmonic lattice dynamics and phonon dispersion
= Phonon normal mode analysis
* Phonon wave packet method
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Phonon Wave-packet Method

160
* = =
. 140
. 008,
E_ t=11.1ps %120" ;::i ;...g |
: > 2 roof || 3o |
o | § - P-:E::::E% ‘
g t=17.7ps g % o Vit
CAm— g oo | L |
2 % | g 004} N 1
- & 40 aos! ii
t=22.1 pS 3 LH08 i - & - - " -
. "‘ 20 | J \ o 20 a0 &0 &0
z{(m)
’ | . I I ’ | v 0 4 1 s 1 A 1 " 1 . !
-250 -150 -50 50 150 250 00 k 02 04 0.6 0.8 1.0
z [a] k (2a/a)

Displacement of the ith atom in the [th unit cell along the u direction

Eigenvector of polarization A at wave vector center k,

Uy, = fgw (k,)explik,(z, —z,)]exp[—(z, —ZO)2 /;72]
Amplitude of the wave-packet Width of the wave-packet
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Phonon Wave-packet Method

=
5.
s
s
K i ) § t=17ps
-1000 =500 0 500 1000 =
z/a 5
References: L 2 .
+ Schelling, P. K., Phillpot, S. R., & Keblinski, P. §
(2002). Applied Physics Letters, 80(14), 2484. &
« Sun, L., & Murthy, J. Y. (2010). Journal of Heat ~ *
Transfer, 132(10), 102403.
* Lee, J,, Varshney, V,, Roy, A. K., & Farmer, B.

L. (2011). The Journal of Chemical Physics,
135(10), 104109.
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