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Heat transport in bulk materials :

phenomenological approach

Q (Heat flux)
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Energy conservation (without source/sink)
de(x,t) dQ
. 5 Sdx = S[Q(x) — Q(x + dx)] = —dea
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(Fourier’s law) at dx?



Heat transport in bulk materials :

random walk model
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Probability to move to the right (resp. left): a (resp. )
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p(x,t+6t) = a p(xtdx,t) + £ p(x—dx,t) + (1 —a — B) p(x)

Assuming a =f (non asymmetry) and making Taylor expansions
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M, = | p(x,t)x"dx < C

(all momentum are bounded)

M, = var = 2Dt



How heat spreads in many body systems?

Anomalous
(sub/superdiffusive)

Gaussian
(diffusive)

Nanopartilcle network

(Fourier) Diffusive or not diffusive?



e Near-field heat transport in many body systems

e Landaue formalism, summation rules and supercurrent
e Heat transport as a generalized random walk

e Identifying the regimes of transport by analyzing the thermal conductance
scaling

e Heat transport in diluted systems
e Heat transport in dense systems

e Open problems and concluding remarks
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Heat transfer in many-body systems

Energy balance (neglecting the background contribution)

el z $i5i (Ty, o, Ty)
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Using the Landauer formalism (small objects)

d
Pjoi = j [6(T;, )i (w) — 6(T;, a))sij(w)]z_a)

0

with the transmission coefficient (arbitrary non-reciprocal materials)
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Polarizability  Full Green
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Summation rules in many-body systems

At equilibrium (T;=T;=T=Cte)
2 j+i §2j-i=0 '
Hence . ‘

d
e(T ) [ZJJl(w) > Sy@)| 5= =0

JE! JE!

This relation holds for any temperature

D 5@ =) Sy@  yi-Lw

JE! JE

PRL 118, 173902 (2017)
In 2 body systems

S12(w)=J31 (w)



Supercurrent in non-reciprocal systems

At equilibrium '

d
o, = j 0(T;, )31 (w) — Fi;(@)] % @
0
If » -

Jji(w) # 3 (w)
a supercurrent can exist

In 2 body systems (312=321)

eq — ned _
P L, =0,,,=0 No supercurrent

According to summation rules, the net power received by each body

Y Soeqj_)i:() No heating/cooling



Heat transport as a generalized random walk

Close to the thermal equilibrium

daT;

— = Njxi G (1, 1;)(T;-Ty)

|Ti=Tj]~0 |T; — T

GOnr) = 1 [ [0 0) — 6]y @) 5o P
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In the continuous limit

dT C(;;, t) j

G(r,vr' )T, t)dr' —T(r,t) j G(r,r")dr’
% 4
which 1s analog to the Chapman-Kolmogorov master equation

dT (r,t) Taht) . T(rt)
dt =][ A

p(r,r") = G(r,r’)(f G(r,r)dr')~! t(r)=(J, G(r,r)dr)™?
v

Probablility distribution Rate of jump 4



Heat transport regimes vs conductance scaling

1

I, .
= 0, =—Y ——(1,-T,) = (-A)**T| with o =y-d

Assuming G ~ -
V= rj‘

rz’_rj

where (—A)®/? is the fractional Laplacian

y=2+d =(-A)""=(-A) diffusion
d<y<2+d = superdiffusion

y=d = (-A)*? =1 ballistic




Many body heat transfer in the dipolar approximation
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Energy balance:
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Poynting theorem 6




Many-body heat transfer in the dipolar approximation
ap, > i=% 50

Absorbed power : ;= ,RJ £ >d V= < dr’ dt

Using the decomposition  p; () = 2Re( I j2 (a)) da)j

P, = 2102[ of T 199 tonf{ p, () EF () o "]

0

Local field Dipole moments

ind _—

E;=w zﬂoz 3o (11, 17)D; pi=p/"+p with P = Eo“zz G0 (11, 75)D;

————————————————————

japky
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Many body heat transfer in the dipolar approximation

Using the fluctuation dissipation theorem:

<le ﬂfluc(a))pk’ Jhue f (w") = hegdjxbp, 6 (w — a)’)lm(aj)[l + 2n(w, T;)]
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Heat transport in diluted 1D systems

PRL, 107, 114301 (2011)
PRL, 111, 174301 (2013)

[ G —

S1C
R=100 nm
h=3R; N=121
h=4R; N=121 _
~ h=6R; N=121 T=300 K

——e—— h=50R; N=51

10°
ri_rj
1<y=2<3

‘ superdiffusion

Long range correlations due to phonon-polariton (i.e. collective modes)
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Heat transport in diluted random 3D systems

Volume fraction: yo

—a— [=1.5%
=9.5%
—— [=20"%

Clusters of SiC nanoparticles

Averaging
over 250 realizations

3<y <5 mmp superdiffusion
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Heat transport in dense systems

Normal component of Poynting vector in each cavity:

(S.)=(ExH)e, _Zj(zﬂ) ¢¢j CF# (k. ) E} (k,0),E! (k,0))

0

From the scattering theory: El =& +3E +RE;
E, =& +3E.+RE,

+ + ] :
where, 3; and R are the transmission and reflection operators
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Transition to ballistic regime

SiC slabs (200 nm thick)

Diluted (d=500 nm)

Dense (d=5 nm)
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Diverging conductivity in 2D systems
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Summary/prospects

e Anomalous (non-gaussian) heat transport regimes in many body systems :

mp Superdiffusive regime in diluted 1D and 3D systems due to collective behavior

=) Transition to a ballistic regime in dense systems due to the TE modes
contribution

m) Role plays by the non-local response on the transition?

ms) Transport regimes in non-reciprocal systems?
m) Diverging (logarithmic) conductivity in 2D systems

Unlike phononic systems there is not yet rigorous explanation for this
behavior...

== How to deal with large many-body systems?
Toward a hydrodynamic description of transport ( round table 06/30)
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