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Diffusive or Ballistic Propagation of Heat DisceveryPark
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Analogy with Drift-Diffusion Discevery Park

J=cE-eDVn ; o=enu
u-mobility; D: diffusion coefficient

Einstein Relation: D/u = k;T/e

Luttinger’s Gravitation Field Analogy
W(x,t): Fictitious mechanical field
& T(x,t): Temperature

Luttinger J M 1964 Phys. Rev. 135 A1505
Luttinger J M 1964 Phys. Rev. 136 A1481
Shastry B S 2009 Rep, Prog, Phys 72, 016501
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Shastry: energy density propagation DisceveryPark

N,: The Green’s function of the total energy density
propagation K(t,x) in a solid material when there is
delta-function excitation P(t)

P(t)

K(w,q)
P(w) ] K(t,X)

1 +7,0

w—17,*+1D50?

N,(@,q) =

N,(@,q) =

P ( total relaxation time of energy carriers
(f t; f ¢ B. S. Shastry,
unction of wavevector Q) Rep. Prog. Phys
o heat diffusion constant 72, 016501, (2009)
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Top surface energy density response:

Thermal and Non-thermal contributions Discavery Fark
3x10’
e (a) Au = { (b) Au
':.E.« “ Thermal . BE Tézxm“ Non-thermal .
&) contribution to & contribution to
< \  energy transport %S o] energy transport
P . (heat propagation) s
gmo?— \\H E_ 0 -
= s = O0- AV
: ——— :
100 200 300 400 500 o1+ 1 10 10
Time (fs) Time (fs)
Damped oscillation of period & =232 = (1fs)| & lattice constant.
Ve Vg: Fermi velocity.

Oscillations in the total energy density at the top free surface of the metal:
» due to the Bragg reflection of ballistic electrons from the Brillouin Zone
boundaries.

Y. Ezzahri and A. Shakouri; Phys. Rev. B, 79, 184303, (2009).
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Thermal contribution to energy transport rurove vuiveesin

(Temperature distribution in space Discevery Fark
2x10’
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Nondimensional coordinate y

Shastry predicts temperature wavefronts similar to Cattaneo (ballistic heat
equation) but the momentum-dependence of relaxation time can affect the shape.

Y. Ezzahri and A. Shakouri; Journal of Heat Transfer, 2011 %?5‘?5%3':'%
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Total energy density propagation

K(t,x) in a thermoelectric material PI(t)
when there is delta-function
excitation P(t)

K(t,X)

® Heat Diffusion D
®» Charge Diffusion D

@ £ coupling factor between | Z'T
charge and energy density J

1+2Z°T
@ 7" high frequency limit of figure of merit

B. S. Shastry, Rep, Proq, Phys 72, 016501, (2009)
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Observation of second sc_)dnd

IN bismuth

V. Narayanamurti and R. C. Dynes, Phys. Rev. Lett, 28, 1461, (1972).
Younes

» Experiment principle Ezzahn

(Pulse function
L generator

Metal film heater v
(100nm constantan
of nominal resistance 50 Q) A

Studied Bi
sample

Super U il |y ¥ .
tunnel junction Oscilloscope

(100 nm Lead (Pb)
Amplifier

3.86 mm

bolometer)
Magnetically biased up to 1kG
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Resu ItS Propagation along the C3 axis Disc cavery Park

Younes Ezzahri
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2 | & a 10 tion of temperature from the data of Fig. 1. Solid line,
TIME (usec) calculated from the dispersion relation for second

sound (see text).
FIGz. 1. Heat pulses in Bi along the C; axis.

> (bservation of a ballistic transverse phonon propagation.
» Transition to second sound. “eeex o
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Narayanamurti,
and Dynes, PRL
28, 1461 (1972)
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Second sound -heat pulse experiments Disesvery Park
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FIz, 1, Heat pulses in NaF in the (100} direction at M

temperatures in the vicinity of the thermal conductivity f q'..r.'JJ

maximum. (/) Sngly grown MafF, separation between '
heater and bolometer [=7.8 mm. (B Triply grown J

MaF, {=12.7T mm. Crystal faces approximately 12 mm —tt

= 1% v Tha lattara Foawd T marck tha Tenoitadinal ARFNVAL TIME ({usec]

FIG, 4. Heat pulses in a pure NaF sample (1=7, 8 mm)

in the {100} direction for several different temperatures,

McNelly, et al, Phys. Rev. Lett. 24, 100 (1970). L and T mark the peaks of the longitudinal and trans-

verse ballistie pulses, respeetively, MNote the appearance
of a third distinet pulse (second sound),

- Maris, Brown Univ. Jackson and Walker, Phys. Rev. B, 1428 (1971) koAchL.. =2 e
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Different macroscopic equations Discavery Park

descri

C, —+div(Q)=0 _,
I AL
P9 o-—pvt ra Tl
ot
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B,: Effective thermal conductivity.

B,: Elastic thermal conductivity.

Younes Ezzahri (UCSC, now at Univ. Poitier)~+%%
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IMacroscopic equations of Guyer and Krumhans!l  piseguary Park

(T .

=0
Cvat Q) T 10T V2 _, 3 L, 0T
6Q 1 % M at:3cVVT+§TNVVE
— +—VT+— V*Q +2Vdiv R
ot 3 TRQ [ ? (Q)}

Jeffrey’s type equation with and effective thermal diffusivity:

p_3_

o =L ==r\V

C, 5

Viscosity of phonon gas

Younes Ezzahri (UCSC, now at Univ. Poitier) Loﬁs%&%:-:-oW
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C. Jeong and M.
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(Purdue)

Phonons with mfp >
1 um contribute 50%
of heat conduction.
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Thin film silicon thermal conductivity iscovery Park

el G4V

@® Asheghi et al. (1998)
B Ju and Goodson (1999)
B Liu & Asheghi (2005, 2006)
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Fig. 1. Thermal conductivity of silicon thin films versus film thickness
¥ = at room temperature (courtesy of Prof. M. Asheghi [27],[159]).
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Time Domain Thermoreflectance (TDTR) piscovery Park

laser pulse

Y V¥

aluminium
transducer — 50-100 nm — Tai

co/substrate — I

David G. Cahill, Rev. Sci. Instrum. 75, 5119 (2004). (_
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Time Domain ThermoReflectance Discovery Park

= Modulated & delayed femtosecond laser pulse used as a Pump.
= A Probe beam measures reflectivity variation on the surface
» The lock-in amplifier gives the In-phase (V;,) and Out-of-phase (V) signals.

Polarizing
beam splitter

MIRA Ti:Saphir
F =76MHz

Electro-optic Function )
modulator \ generator

y

VERDI V18
Nd:YVO4

Mechanical
delay line

Half-wave
plates

microscope
objective

Lock-in ACQUISITION
amplifier

detector

{ Photodiode

Beam Polarizing Sample
splitter beam splitter LN

Gilles Pernot (UCSC, Bordeaux
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Thin Film Thermal Characterization DisceveryPark

e Thermal decay =>
- Ksiisice(3ooe=8-1W/MK -
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Y. Ezzahri et al. Appl. ——
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Metal film is heated by laser pulse and it acts both as a heat
source and a transducer (creates acoustic waves). It can
characterize thermal interface resistances as well as interface
guality (acoustic mismatch).
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Phonon echoes in SiGe superlattices Discavery Park
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Phonon minibands in SiGe superlattices Discavery Park
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Femtosecond laser heat dissipation in thin film pi .,

iscapvery Park
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Bjorn Vermeersch, Gilles Pernot, et al. (to be submitted) e e
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Optical sampling by TDTR ~ DiscoveryPark

Gilles Pernot (UCSC/Bordeaux)
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Optical sampling by TDTR Discavery Park
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Heat Decay at different modulation frequencies piccaary park
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Effective thermal conductivity at different

modulation frequencies == Disepvery Fark
ad experimentally characterised thermal conductivity
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FREQUENCY-DEPENDENT THERMAL CONDUCTIVITY lcrmun_ryPark
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Thermal penetration length Discavery Park
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Modulation Frequency (MHZz)

Gilles Pernot (UCSC) %%
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Roll of Ballistic Heat Transport (current theory) Discgvery Park
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Bjorn Vermeersch, Gilles Pernot, et al. (to be submitted) Kvﬁé%é%:-:-ow
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Ballistic/Diffusive Heat Transport Discgvery Park

weight

factor — Wp /1{

BALLISTIC DIFFUSIVE
CHANNEL < > | CHANNEL

Alexei Maznev et al. PRB 2011

Bjorn Vermeersch, Gilles Pernot, et al. (to be submitted) %%%%%%}:-ow
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Thermal Boundary Conductance pisesveryPark

Q A 5 Q Q
N =
. AAT
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T o
h t\I;/v h= Thermal boundary
Teold — conductance

R A - 1/h = Thermal
boundary resistance
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Transmission Probabilities Disepvery Park
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Interface thermal conductance iscavery Park
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Generalized DMM

Debye

. —
approximation
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Thermal Resistance of Metal-Nonmetal

Discgvery Park
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Thermal Boundary Resistance of

l._S’ wor
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Role of electron—phonon coupling in thermal conductance
of metal-nonmetal interfaces

Arun Majumdar®
Department of Mechanical Engineering and Materials Science Division, Lawrence Berkeley National
Laboratory, University of California, Berkeley, California 94720

Pramod Reddy ﬁ‘%%%%:{'
Applied Science and Technology Program, University of California, Berkeley, California 94720 Cﬁ
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Extremely low thermal conductivity Disesvery Park
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Ion irradiation of WSe,

MD simulation of 1 MeV
Kr impact on Au

e Heavy ion irradiation - 1[
(1 MeV Krt*) of 24 nm
WSe, film.

e Novel behavior: ion
damage causes the
thermal conductivity
to increase.
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Summary

« Ballistic-diffusive heat transport
— Cattaneo’s and Shastry’s formalisms
— Second sound

 Phonon mean free paths
e Time-domain thermoreflectance
— Picosecond acoustics
— Frequency-dependent thermal conductivity

 Interface thermal resistance (DMM, AMM,
experimental results)

Cahill, Ford, Goodson, Mahan, Majumdar, Maris, Merlin, and Phillpot,
"Nanoscale thermal transport,” J. Appl. Phys. 93, 793 (2003)

David G. Cahill, Rev. Sci. Instrum. 75, 5119 (2004)
Y. Ezzahri and A. Shakouri; Phys. Rev. B, 79, 184303, (2009)
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