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Introduction: necessary concepts: phonons in low dimension, characteristic length
Part 1: Transport and heat storage via phonons
e Specific heat and kinetic equation
e Thermal conductance, transport of phonon at the nanoscale, mean free path
e (asimir model, Ziman model and beyond
Part 2: Dynamic method for thermal investigation
e History
e Corbino contribution
e Ac calorimetry, membrane based measurements
Part 3: Measurement method for phonon transport
* General method (3®, pump probe experiment)
e At the nanoscale and at low temperature
e Some example (nanowire, membrane experiment)
Conclusive remarks
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~——Phonon : linear chai
Linear monoatomic - - NN NP

chain - :
u +
Periodic conditions: e : e
Born-von Karman 2
o dou,

Quantization of the m—"=K(2(u,,, —u,)+ U, —-u,,))
vibrational modes t _

Dispersion relation U, =€xp (1(kna— awt)
Group velocity ~ K . - N .
E-— (nq +1/ Z)hCO ~\am 2

Elementary excitation: ]

phonon ow :

V=—"
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~ —Phonons and low dimensions

e Diatomic chain

* Acoustic and optical modes "\/\/\/"‘\/\/\/“'\/V\/'.'\/\/\/"

* Spatial extension of a
phonon ?

* Phonon=Wave packet
* Propagating modes TA and

LA (related to v) - \
AXAK > 27

a wave packet

TA

= \\ w (k)

K e

72- LY
Ak<— Ax>10a : -
1 O a Ak squeezing the wave packetinto a smaller region

AX >5nm V:é?_a)

ok
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“Phonon identity card

Boson (Bose-Einstein distribution)
Number of phonons not conserved
Chemical potential =o
Quasi-particle

At low temperature : only large wave
length phonon are excited (low energy)

No optical phonon (only acoustic modes)

Planck black body radiation (for infinitely
rough surfaces)
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/Introduction\:aﬂtJomLtemperatu e _—

Two kind of heat carriers (radiation neglected)

Electrons Phonons
Ag~nm Mean free path Ayp~mm
Ae~0.1nm Relevant wave length Apn~100nM

L o~10pm *Coherence length Not coherent

*Temperature dependence T3
. (K. C)

diffusive *Transport ballistic
fermions estatistic bosons

Thermal conductance (heat transport/out of equilibrium)  Heat capacity (heat storage/equilibrium)
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— Low temperature specificities

Competition between electrons and phonons for
the thermal transport

No Umklapp process (k too small)

Large mean free path for phonons... transport
limited by boundary scattering

Importance of interface resistance (T<1K)

Quantum effect (size effect): quantization of
energy level, effects of phase coherence etc...
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“Micro-Nano™” problematic" =

« Loss of the bulk behavior, competition between surface and volume.

 Significant characteristic length (dominant phonon wave length, phase
coherent length, mean free path, , etc...)

* New condensed matter state (new phase transition)

« Specific thermal behavior at small length scale (universal thermal
conductance, definition of temperature ...)

« Systems under study need to be thermally isolated : membrane,
suspended structure (nanowire, graphene sheet, sensitive sensors)

« Development of new experimental tools using nanotechnology adapted
to very small thermal signals and adapted to very small mass samples
of the order of zepto (10-21J) or yoctoJoule (10-23)).
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. /
_Thermal study based on-Electricameasurements

Understanding the thermal f)hysics in extreme conditions
(ultra low temperature, small mass sample, nanostructured
materials)

Development of adapted technology (instrumentation,
Sensors,

Bolometry, MEMS and NEMS

Nano ElectroThermal System (NETS)
Thermal decoherence for quantum information

Understand and master thermal properties at low temperature
and low dimensions

*Heat pulse technique (Pump probe experiment,
thermometer) Optical method

*Phonon spectroscopy (MHz to GHz)

skl
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Concept of Temperature at
low dimensions
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Mean free path: elastic versus inelastic

p }/

Phonon elastic scattering (impurity) Inelastic scattering

k| =k’ k[ =]k] and [v]=[v]
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~Different scattering processes
Scattering on dislocation(static imperfection)

Anharmonic scattering (three phonons, Umklapp
processes)

Boundary scattering (finite size effect)
Electron-phonon interaction (doped semiconductor)

of dv =, dp =, [Of (g) -
Iii'lr- -ﬂrr ) T f * Ifl',LIF . T f (Ehl )1"1'}“ M coll T

Mathiessen rule:

r = Zfi_l Aph = phTscatt
=
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Temperature at the nanometer scale ?

What is the minimum size to define a temperature?

Existence of Temperature on the Nanoscale

Michael Hartmann,'** Giinter Mahler,* and Ortwin Hess
Unstitute of Technical Physics, DLR Stuttgart, D-705609 Stuttgart, Germany
*Institute af Thearetical Physics I, University of Stuttgart, D-70550 Stuttgart, Germany
*Advanced Technology Institute, University of Surrey, Guildford GU2 7XH, United Kingdom
(Received 30 December 2003; published 1% August 2004)

We consider a regular chain of quantum particles with nearest neighbor interactions in a canonical
state with temperature T. We analyze the conditions under which the state factors into a product of
canonical density matrices with respect to groups of i particles each and under which these groups have

inimum group size Ay, depends on the
PHYSICAL REVIEW LETTERSwr analysis to a harmonic chain and find
ature and ap, = T below.

e L B

VOLUME 93, NUMBER 8

no = { .E(rf::i - for T = 6,
w3 277)(0/TP  for T < 0,
In silicon at 1K, for a Debye
temperature of 680K, it 1s
meaningless to speak about
temperature for a cube of

50x50x50nm.

P<A,,3
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Specific heat at low dimensions

Crycourse nanothermal Physics 2011 (Chichilianne)



Heat capacity: heat storage
& N
T dQ T+dT C :Q
ST

Physical quantity related to the bulk

Relating the energy necessary to increase the temperature
by one Kelvin

Degree of freedom of the system (at equilibrium)

Anomaly: phase transformation, phase transition (1%t order
and2d order)

2
-

T

Crycourse nanothermal Physics 2011 (Chichilianne)



P Calculation of C for phonons

e Lattice considered as a sum of harmonic

oscillators |
* Only large wave length are excited (kT 25
low)
* Linear dispersion relation m=ak
* Einstein model improved by Debye (1912) 205
d 8
C 0 oc | g i
* This will be wrong in the case of B

materials having reduced dimensions like

CNT or graphene (quadratic dispersion 3 10
relation 2 T
w o< K 2
5
d
o
C P oC T (Y2Y2Y2) (000) (100)

“—q—
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~—— Calculation of C, for phonons

The crystal lattice is considered as a sum i 1 fuw (k)
of harmonic oscillator U=>Y_ (Ef w k) + LT
Only large wave length are excited (low F c L
temperature) |
Linear dispersion relation o=ok [ — / ,f “_LL;{-“'-]' dk = [ - w  p ()
Einstein model improved by Debye (1912) Jpz fF5T) _q (27 etFar) 1

C oC T d r G o h.“h .E,i'ﬂruik

P U=— Aok,
ik ] e L-_,_,'n"-' _ l

Not correct for specific Enaterials carbon
nanotube, or graphene (dispersion R
relation quadratique) si Low temperature limit:

w oc k®

d
C ocT?

P
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~ Variation of specific heat versus temperature: Debye model

T3 law
Debye
1 0.08
e bst —
=) = 0.06
o D
— 06 ;
5 2 004
O o4l g '
0.2} 0.02
0.2 0.4 0.6 0.8 7
0.02 0.04 0.06 0.08 0.1
Debye
T/T "
Debye
T/Tpepy
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What is the relevant characteristic length ?
The dominant phonon wave length

A~ eDebyea ~ hVS = }
dom ™ ~ £ 5000
T 2.82kT g
&
< gzooo:
d - ﬂ/dom S 1000

1 1 1 1
1000 2000 3000 4000 5000 6000

In silicon at 1K A4,,=100nm wavelength A [nm]
In diamond at 1K A,,,,=300nm

Planck law/ Black body radiation
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etical calculation o
submicron membrane

PHYSICAL REVIEW B 75, 045320 (2007)

® Vibration modesin a
Suspended phonon Cavity Heat capacity of suspended phonon cavities

o TZ behavior for Cp at 10W A. Gusso!>* and Luis G. C. Rego'
temperature

NANOFAB Institut Néel

—
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~—Electronic specific heat

‘= | Ef(E)D(E)E
L /U f(E)D(E)d

Linear in temperature
Dominant at low temperature

(as compared to the lattice) 1

In case of noble metals f(E)=

Hypothesis: (1+ exp[ E-E; jj
kg T<<Ep KeT

D(E)~D(E;) (low temp.)

D(E) = 1/27%(33)*VE
Ce- = = D(Er)k}1
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/EMIG/O]C finite size consequences

~

Discrete energy levels: Schottky anomaly at low
temperature (two level system)

Fluctuations
Superconducting phase transition perturbed when 5~A

5~KeT
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/EMIG/O]C finite size consequences

~

Discrete energy levels: Schottky anomaly at low
temperature gcy wo level system)

Fluctuations
Superconducting phase transition perturbed when 5~A

2
=, Yi
£ = 2 gl

i=1

. €
E €00 o — - —
E L €1 1 4 {;—5,.-"-[-'.'rf

i=1

C,,(J/mol*K)

4.0 L B T L

35| ]
30| ]
25| ]
20} ]
15) ]
1o ]

05

0.0 —4 .
0.00 0.25 050 0.75 1.00 125 150 175 2.00

T(k/5)

W. Schottky Phys. Z, 23, 448
(1922)
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Mof finite size consequences

~

* Discrete energy levels: Schottky anomaly at low
temperature (two level system)

* Fluctuations

* Superconducting phase transition perturbed when 8~A O )
35t 1
y o 30/ |
2of / ] < ol -
2.2 o I |
o1} 1 £ 20t _
ok \——3 O CRULK ) | 5 I |
12 _ ||--—3--'C_'I.UCI 1 (_)N 15+ -
sl _, 05| -
0.0 - L 1 N 1 N 1 N 1 N 1 N 1 N 1 N
0.00 025 050 0.75 1.00 1.25 150 1.75 2.00
T(k,/8)
Mihlschlegel
PRB 6, 1767 | W. Schottky Phys. Z, 23, 448
(1972). | (1922)
1.0 1.1 1.2 1.3 1.4
T/ T

FIG. 2. Normalized specific heat near T =T, calculated
in the GL approach for several values of the parameter
&=6/kT.. For reference the bulk BCS limit is also

shown. 1al Physics 2011 (Chichilianne)



Thermal conductivity or
thermal conductance ?
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/Iﬁmal conductance at low temperature

—

X 1 e
] R 6= D vaE(k)f(T.P)
Tl O INmmmmpPp T2 *
af dv =, dp =, [Of
* Thermal flux along the x axis TR f+ ey J= (3;}_ )m“
° Approximation of the ( af ) B P [
relaxation time At / colt T
¢ Kinetic equation 5= Z f o / di f v, b fo — T ﬁ ?.E'I'}Di:}
- a 2 dfo D(w)
b = —-‘Tw'-p.'z.% N kon = Z/ uh.[ u’u,..f dfsin(6)cos® (8)hiwT o7 ;_b
1 d d
_ oC oC
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——— Example ofmﬁlon/

Silicon nitride 107
membrane ~ 1g
Specific theoretical : 1o P —
treatment € 10 . nﬂ' f.;r‘ |
Transition from T3 to 107 Wi ozas oo
T2 for the thermal o1 10
conductance T(K)

VoLUME 81. NUMEEER 14 PHYSICAL REVIEW LETTEERS 3 OCTOBER 1998

Properties of the Phonon Gas in Ultrathin Membranes at Low Temperature

D. V. Anghel. J.P. Pekola. M. M. Leivo. J. K. Suoknuuti, and M. Manninen
Department of Physics, University of Jywéskyld, P.O. Box 35, 40351 Jwvédskyid, Finland
(Recerved 13 July 1998)
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transport

* Mean free path A,

* Ac, =D (Diameter of the
nanowire)

ey

* Boundary scattering: black
body radiation for phonons

» Expression for K(T)

o Still diffusive

* Comment on the specific
heat (kinetic equation)

T3

%ﬁh%)mﬁjﬂhgm

Shiv? L

Breakdown of the concept of
thermal conductivity
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~—— Casimir theor

At low temperature, the dominant phonon wave
length is increasing: h 's

Probability of specular reflection p(iy,,,)
depending on A4, (phenomenological
parameter)

P(Agom)=0 (perfectly rough surface) A4,,<<n,
Casimir model

P(Agom)=1 (perfectly smooth surface) A4,,>>1,

N, IS the root mean square of the
asperity

e
n
"

J.0L Yiman Electrons and phonons (Clarendon Press, Oxford, 2001)
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Casimir Theory-and beyond=
/

the Ziman model

Ziman-Casimir model

1+ P A where p probability of specular reflection

A
1pCas

L

If p=0 transport is diffusive (Casimir), if p=1 ballistic transport

-1 6773772

Probability distribution of _ 1 e
A om2 : P(n)=—¢
p(1) = j P()e ™" dn  asperity )=

9 {—17',-’-.; (1) /no .
K(T)y=135x10" ( — ) A T?

e~ 4T Adam (T") /10
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Wadel of phmw

/
277Ky ) SAwr - [ I

57V |

K =3.2x10"°

hv
A = S = 1+ P -1 =1
T N Aoh =Ny +L
of =, '
= 0.6} :g 1
rnn ) 2 T(K) 4 6 -

J.-S. Heron, T. Fournier, N. Mingo and O. Bourgeois, Nano Letters 9, 1861
(2009).
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%idence of contri

' rom ballistic ons

Dominated by

the thermal
[ resistance of
[ the =
xc> wire/reservoir
junction 4
S Y 4
N

Competition
between ballistic
and diffusive
regime:
roughness effect

Diffusive transport: ]

classical Casimir
model

T(K)

10

Fitting parameter:

*Roughness h=4nm
*Speed of sound 9000m/s
«Contribution of the contact
(Chang, C.; Geller, M.
Phys. Rev. B 2005, 71,
125304.)

J.-S. Heron, T. Fournier, N. Mingo and O. B, Nano Letters 9, 1861 (2009).
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Implieations: thermatizatton,-nanothermoelectricity

Ballistic phonon->no local temperature

Thermal conductivity->thermal conductance (driven

by the size of the systems)

Play with the phonons: phonon focusing, phonon
blocking etc..

Application to thermoelectricity: phonon scattering at
the nanoscale with clusters, nanoparticles, superlattice
etc...

. g |
LT = Mmax = Tle
(kelec +kph) NZT +1+1
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Limit at low dimensions and low.temperature: uni I

~_thermal conductance

A>>d
Adom>>d
4 acoustic phonon modes

- 47z2k§T
3h

Conduction channel (Similar to the
Landauer model of electrical 100
conductance) :

Not dependant on the materials
Valid whatever the heat carrier statistic

Ko

10}

S
Pendry, Maynard: flow of entropy or I
information d:
01k
J.B. Pendry, J. Phys. 16, 2161 (1983) o
0.1 1 10

R. Maynard and E. Akkermans, Phys. Rev. B 32, 5440 (1985) T(K)
L.G.C. Rego and (. Kirczenow, Phyvs. Rev. Lett. 81 232 (1998)
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~_Thermal conductance of €

1
k, = Efjr L I"rr
k linear in temp.
Wiedemann-Franz law ke- = %Hib}s]-m.-h kg1
21,2
| o K 72- B
T = iﬂ{ﬁiﬂ']]”?"’f: ¢ — LO

2
nuray 2e Quantum of
G

— — electrical

S h conductance!!
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