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what heat transport is all about

heat flows from the warm to the cool
as time flows from the past to the future



what heat transport is all about

1da _K(Tz —T1)

S dt /

ja(r,t) = —skVT(r, 1)
I _ K A7

ot  pcp



why should we care?

energy saving and heat dissipation
heat shielding
energy harvesting and scavenging

earth and planetary sciences



why should we care?

m ... because it is important and still poorly
understood



materials properties from first principles

The underlying physical laws necessary
for a large part of physics and all of
chemistry are completely known, and
the difficulty is only that the exact
application of these laws leads to
equations much too complicated to be
soluble.

Dirac's challenge has been answered in
[our] field [... using] new physical
models [... and] computers.

M.L. Cohen, 2015



hurdles towards an ab initio theory of heat transport

week ending
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sensitive to the form of the potential. The widely used
Green-Kubo relation [14] does not serve our purposes,
because 1n first-principles calculations it 1s 1impossible to
uniquely decompose the total energy into individual con-
tributions from each atom.




transport theory: extensive properties

E[Q2; U] = E[Q2;] + E[€2;]
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: conservation laws

transport theory




adiabatic decoupling of conserved densities

é(r,t)+V-j(r,t)=0
é(k, t) =k -jlk, t)

the smaller the wavevector, the slower the dynamics
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Green-Kubo linear-response theory

j(r,t) = —kVT(r, t)
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Einstein-Helfand relations

Einstein (1905)

(Ix(t) = x(0)I%)

Helfand (1960)
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the classical energy current

J = %/Qj(r)dr

V- j(r) = —€(r)

/r(V-j(r))dr:—/ ré(r)dr

Q Q
/j(r)dr—/re(r)dr%M
Q Q

1 .
J = 5/Qre(r)dr



the classical energy current
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insights from classical mechanics
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insights from classical mechanics
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(J(1)J(0))

insights from classical mechanics
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(J(1)J(0))

insights from classical mechanics
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insights from classical mechanics
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insights from classical mechanics
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insights from classical mechanics
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insights from classical mechanics




gauge invariance




gauge invariance

any two energy densities that differ
by the divergence of a (bounded)
vector field are physically equivalent

the corresponding’energy fluxes differ
by a total time derivative, and the
heat transport coefficients coincide



the DFT energy density
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the DFT energy current
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the DFT energy current

JprT = /réDFT(r7 t)dr
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a benchmark

108 “LDA Ar” atoms
@bp density, T= 250 K

100 ps CP trajectory

100

same behavior at T=400 K

A. Marcolongo, P. Umari, and SB,
Nat. Phys. 12, 80 (2016)




liquid (heavy) water

64 molecules, T=385 K
expt density @ac

Xper = 0.70 £ 0.17 W/mK
Aexpt = 0.61 W/mK

0 1

0 20 40 60 80 -
w/21 (TH2) A. Marcolongo, P. Umari, and SB, Nat. Phys. 12, 80 (2016)
R. Bertossa, F. Grasselli, L. Ercole and SB, Phys. Rev. Lett. in press (2019)




silica glass

432 atoms

sample quenched from melt
@6.5x1011 K/sec

2304 electrons

6.5 x 1011 K/s (10 ns)
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molecular dynamics is less and less ergodic as
temperature decreases

molecular dynamics cannot account for quantum effects,
which are increasingly important as temperature decreases

at lower temperatures the harmonic approximation
is more and more accurate

do BTE!
k=) clw(a)v(a)r(a)

what about glasses and alloys?



heat transport from lattice dynamics
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heat transport from lattice dynamics
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heat transport from lattice dynamics
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heat transport from lattice dynamics
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heat transport from lattice dynamics
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heat transport from lattice dynamics
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heat transport from lattice dynamics
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heat transport from lattice dynamics
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L. Isaeva, G. Barbalinardo, D. Donadio, and S. Baroni, Nature Commun. in press (2019), https://arxiv.org/abs/1904.02255



heat transport from lattice dynamics
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heat transport from lattice dynamics
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heat transport from lattice dynamics
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heat transport from lattice dynamics
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In a periodic system
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L. Isaeva, G. Barbalinardo, D. Donadio, and S. Baroni, Nature Commun. in press (2019), https://arxiv.org/abs/1904.02255



heat transport from lattice dynamics

In a periodic system

L. Isaeva, G. Barbalinardo, D. Donadio, and S. Baroni, Nature Commun. in press (2019), https://arxiv.org/abs/1904.02255
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