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heat	flows	from	the	warm	to	the	cool	
as	:me	flows	from	the	past	to	the	future	
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why	should	we	care?

…		

energy	saving	and	heat	dissipa:on	

heat	shielding	

energy	harves:ng	and	scavenging	

earth	and	planetary	sciences	

…		



why	should	we	care?

…		…		because	it	is	important	and	s:ll	poorly	
understood



materials	proper:es	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.

P.A.M. Dirac, 1929

M.L. Cohen, 2015



hurdles	towards	an	ab	ini:o	theory	of	heat	transport
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We combine first-principles calculations of forces with the direct nonequilibrium molecular dynamics

method to determine the lattice thermal conductivity k of periclase (MgO) up to conditions representative

of the Earth’s core-mantle boundary (136 GPa, 4100 K). We predict the logarithmic density derivative

a ¼ ð@ lnk=@ ln!ÞT ¼ 4:6 $ 1:2 and that k ¼ 20 $ 5 Wm% 1 K% 1 at the core-mantle boundary, while also

finding good agreement with extant experimental data at much lower pressures.
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Thermal conductivity is central to our understanding of
planetary evolution as it sets the time scale of cooling.
Thus the thermal evolution of Earth’s core and the history
of the geomagnetic field are controlled by the conduction
of heat into the overlying mantle [1]. The style and effi-
ciency of mantle convection are also strongly influenced by
depth variations in the thermal conductivity [2]. Here we
focus on periclase (MgO), thought to be a major constitu-
ent of Earth’s deep mantle [3].

Despite the importance of this basic physical property,
the thermal conductivity of dielectrics remains unknown at
pressures typical of planetary interiors. Experimental mea-
surements are challenging and have not been attempted
above 40 GPa [4]. The predictions of Debye theory are
strongly model dependent with estimated values of the
isothermal logarithmic density derivative a ranging from
4 to 8 [5– 7], leading to uncertainties in the extrapolated
value of the thermal conductivity at the base of the mantle
of a factor of 5.

MgO periclase, as a wide-gap insulator with a simple
structure (B1) and no phase transformations to well above
400 GPa [8], is an ideal system to study the pressure
dependence of the lattice thermal conductivity. Although
its thermal conductivity is unknown at the conditions of
Earth’s core-mantle boundary, numerous experimental and
theoretical studies have determined thermodynamic prop-
erties under such conditions. These show that calculations
based on density functional theory in the local density
approximation predict properties, such as its equation of
state, heat capacity, and elasticity, in good agreement with
experimental values [9– 11].

We predict the thermal conductivity of periclase by
combining density functional theory with the so-called
‘‘direct’’ nonequilibrium molecular dynamics method
[12,13]. This method has previously been used in combi-

nation with classical potentials, but not before in combi-
nation with ab initio molecular dynamics in which the
forces are computed quantum mechanically from density
functional theory. Classical potentials are unlikely to give
accurate predictions at the extreme pressure-temperature
conditions of interest here: lattice thermal conductivity is
limited by phonon-phonon scattering, which may be very
sensitive to the form of the potential. The widely used
Green-Kubo relation [14] does not serve our purposes,
because in first-principles calculations it is impossible to
uniquely decompose the total energy into individual con-
tributions from each atom.
In the direct method, the thermal conductivity is com-

puted as the ratio of an imposed heat flux to the resulting
temperature gradient. The heat flux JðtÞ is imposed by
dividing the simulation cell into notional sections of equal
width, and exchanging kinetic energy between ‘‘hot’’ and
‘‘cold’’ sections. The temperature gradient dT=dx is com-
puted from the mean temperature of the intervening sec-
tions. Once steady state is reached, the lattice thermal
conductivity, k, is calculated from Fourier’s law:

k ¼ % hJðtÞi
hdT=dxi ; (1)

where the angle brackets indicate time averages. The pre-
cision is improved by averaging temperatures in the two
symmetrically equivalent sections in the periodic cell.
Because the exchange of kinetic energy renders dynamics
in the hot and cold sections non-Newtonian, only the linear
portion of the temperature gradient is considered in the
calculation of the conductivity.
In order to account for the effects of finite system size we

follow the method of [15]. The thermal conductivity is
related to the phonon mean-free path via kinetic theory
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the smaller the wavevector, the slower the dynamics
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We combine first-principles calculations of forces with the direct nonequilibrium molecular dynamics

method to determine the lattice thermal conductivity k of periclase (MgO) up to conditions representative

of the Earth’s core-mantle boundary (136 GPa, 4100 K). We predict the logarithmic density derivative

a ¼ ð@ lnk=@ ln!ÞT ¼ 4:6 $ 1:2 and that k ¼ 20 $ 5 Wm% 1 K% 1 at the core-mantle boundary, while also

finding good agreement with extant experimental data at much lower pressures.
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Thermal conductivity is central to our understanding of
planetary evolution as it sets the time scale of cooling.
Thus the thermal evolution of Earth’s core and the history
of the geomagnetic field are controlled by the conduction
of heat into the overlying mantle [1]. The style and effi-
ciency of mantle convection are also strongly influenced by
depth variations in the thermal conductivity [2]. Here we
focus on periclase (MgO), thought to be a major constitu-
ent of Earth’s deep mantle [3].

Despite the importance of this basic physical property,
the thermal conductivity of dielectrics remains unknown at
pressures typical of planetary interiors. Experimental mea-
surements are challenging and have not been attempted
above 40 GPa [4]. The predictions of Debye theory are
strongly model dependent with estimated values of the
isothermal logarithmic density derivative a ranging from
4 to 8 [5– 7], leading to uncertainties in the extrapolated
value of the thermal conductivity at the base of the mantle
of a factor of 5.

MgO periclase, as a wide-gap insulator with a simple
structure (B1) and no phase transformations to well above
400 GPa [8], is an ideal system to study the pressure
dependence of the lattice thermal conductivity. Although
its thermal conductivity is unknown at the conditions of
Earth’s core-mantle boundary, numerous experimental and
theoretical studies have determined thermodynamic prop-
erties under such conditions. These show that calculations
based on density functional theory in the local density
approximation predict properties, such as its equation of
state, heat capacity, and elasticity, in good agreement with
experimental values [9– 11].

We predict the thermal conductivity of periclase by
combining density functional theory with the so-called
‘‘direct’’ nonequilibrium molecular dynamics method
[12,13]. This method has previously been used in combi-

nation with classical potentials, but not before in combi-
nation with ab initio molecular dynamics in which the
forces are computed quantum mechanically from density
functional theory. Classical potentials are unlikely to give
accurate predictions at the extreme pressure-temperature
conditions of interest here: lattice thermal conductivity is
limited by phonon-phonon scattering, which may be very
sensitive to the form of the potential. The widely used
Green-Kubo relation [14] does not serve our purposes,
because in first-principles calculations it is impossible to
uniquely decompose the total energy into individual con-
tributions from each atom.
In the direct method, the thermal conductivity is com-

puted as the ratio of an imposed heat flux to the resulting
temperature gradient. The heat flux JðtÞ is imposed by
dividing the simulation cell into notional sections of equal
width, and exchanging kinetic energy between ‘‘hot’’ and
‘‘cold’’ sections. The temperature gradient dT=dx is com-
puted from the mean temperature of the intervening sec-
tions. Once steady state is reached, the lattice thermal
conductivity, k, is calculated from Fourier’s law:

k ¼ % hJðtÞi
hdT=dxi ; (1)

where the angle brackets indicate time averages. The pre-
cision is improved by averaging temperatures in the two
symmetrically equivalent sections in the periodic cell.
Because the exchange of kinetic energy renders dynamics
in the hot and cold sections non-Newtonian, only the linear
portion of the temperature gradient is considered in the
calculation of the conductivity.
In order to account for the effects of finite system size we

follow the method of [15]. The thermal conductivity is
related to the phonon mean-free path via kinetic theory
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insights	from	classical	mechanics

� � 1

2t
var

�
D(t)

�

D(t) =

� t

0
J(t�)dt�

<latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit><latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit><latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit><latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit><latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit>

� � 1

2t
var

�
D(t)

�

D(t) =

� t

0
J(t�)dt�

<latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit><latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit><latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit><latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit><latexit sha1_base64="BQ9WLjBu/xIPFrkWUAR+TlFh5gE="></latexit>

var
�
D�(t)

�
= var

�
D(t)

�
� �

O(t)

+ var
�
�P(t)

�
+ 2cov

�
D(t) · �P(t)

�
� �

O(t
1
2 )

<latexit sha1_base64="xK3XbI5Ra4bdyrsds6a1XUHfYVA="></latexit>

var
�
D�(t)

�
= var

�
D(t)

�
� �

O(t)

+ var
�
�P(t)

�
+ 2cov

�
D(t) · �P(t)

�
� �

O(t
1
2 )

<latexit sha1_base64="xK3XbI5Ra4bdyrsds6a1XUHfYVA="></latexit>



insights	from	classical	mechanics

κ′ = κ

J′ = J+ Ṗ



E[�1 � �2] = E[�1] + E[�2] + W [��]

?
= E [�1] + E [�2]

E[�1 � �2] = E[�1] + E[�2] + q[��]

� E [�1] + E [�2]

gauge	invariance
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E [�] =

�

�
e(r)dr

E ′[Ω] = E [Ω] +O[∂Ω]

e′(r) = e(r)−∇ · p(r)

j′(r, t) = j(r, t) + ṗ(r, t)
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Nat. Phys. 12, 80 (2016)



liquid	(heavy)	water

64	molecules,	T=385	K	
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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)

ϰDFT = 0.70 ± 0.17 W/mK
ϰexpt = 0.61 W/mK

S(�) =

� �

��
�J(t) · J(0)� ei�tdt

<latexit sha1_base64="aWVQdv5zh+QtPI2FyMZ4T1G08Og="></latexit>

S
(�

)
=

�
� �
�
�J
(t
)
·J

(0
)�

ei�
t d
t

<latexit sha1_base64="aWVQdv5zh+QtPI2FyMZ4T1G08Og="></latexit>



silica	glass

432 atoms
sample quenched from melt 
@6.5×1011 K/sec

2304 electrons
2× 52 ps



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	approxima:on	
is	more	and	more		accurate

do	BTE!

what	about	glasses	and	alloys?

� =
�

�q

c(��(q))v�(q)
2��(q)

<latexit sha1_base64="BmHFuMKQsRzhDfLLsz4RQjzFatk=">AAACI3icbZC7SgNBFIZnvcb1tmppMxiEpAlJFLQRgjaWEcwFsnE5O5lshszsrnMJhCWP4wP4CNZ2YmNhbatv4K4GIYl/9fP958D5jx9zpnS5/GYtLa+srq3nNuzNre2dXWdvv6kiIwltkIhHsu2DopyFtKGZ5rQdSwrC57TlD6+yvDWiUrEovNXjmHYFBCHrMwI6RZ7TcYcQx3DhKiO8xA2NK0AP/D6+n2BScCNBA/BSXPjjxSIezZG7KnY1mDmKPSdfLpV/hBdNZWryaKq65zy6vYgYQUNNOCiVgNSMcDqxXaNoDGQIAU2I8CULBnqWglBqLPwJPs4OUPNZBv/LOkb3z7sJC2OjaUjSkTTrG451hLN/4R6TlGg+Tg0QydJ7MBmABKLTr9p22rEy32jRNKulykmpenOar11O2+bQITpCBVRBZ6iGrlEdNRBBT+gDfaIv68F6tl6s19/RJWu6c4BmZL1/A6P8o6Q=</latexit>



Rn = R�n + un
<latexit sha1_base64="Vn+N/R9vaS62E3uuDWHRx/V4RZU=">AAAB+HicbVDLSgNBEOyNr7i+Vj16GQyCIIRNFMxFCHjxGMU8wMRltjObDJl9MDMrxJDf8OxNPOrZq/6Df+NEFyWJdaqu6oaq9hPBlXbdTyu3sLi0vJJftdfWNza3nO2dhopTiayOsYhly6eKCR6xuuZasFYiGQ19wZr+4HziN++YVDyOrvUwYZ2Q9iIecKTaSJ7jEtIOqe77AbnyInL2N922kUs02tGvlprJcwpu0f0GmSeljBQgQ81zXtrdGNOQRRoFVWpEpeYo2Nhup4olFAe0x0YY+pL3+npapaFSw9Afk4NJAjXrTcT/vJtUB5XOiEdJqlmEZsV4QSqIjsnkCaTLJUMthoZQlNzkIdinkqI2r7Jt07E022ieNMrF0nGxfHlSqFaytnnYg304hBKcQhUuoAZ1QHiAN3iHD+veerSerOef1ZyV3ezCFKzXL+bqkV4=</latexit>

J =
�

n

�
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