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A deeper insight is needed, because … 

It seems there is no problem in modern 
physics for which there are on record as 
many false starts, and as many theories 
which overlook some essential feature, as 
in the problem of the thermal conductivity 
of non-conducting [materials]. 

Rudolph E. Peierls [ca. 1960]



how it all started



hurdles toward an ab initio Green-Kubo theory
<latexit sha1_base64="CfYj7o14V7SlqzzaT71xyN8gnT8="></latexit>

ω =
!

3kBT 2

∫ →

0
→J(t) · J(0)↑ dt

<latexit sha1_base64="S8LoK1oP4cF/haRdGpWFqRH02WY="></latexit>

J =
∑

I

eIVI +
1

2

∑

I →=J
(VI · FIJ)(RI → RJ)



hurdles toward an ab initio Green-Kubo theory

Thermal Conductivity of Periclase (MgO) from First Principles

Stephen Stackhouse*

Department of Geological Sciences, University of Michigan, Ann Arbor, Michigan, 48109-1005, USA

Lars Stixrude†

Department of Earth Sciences, University College London, Gower Street, London WC1E 6BT, United Kingdom

Bijaya B. Karki‡

Department of Computer Science, Louisiana State University, Baton Rouge, Louisiana 70803, USA
and Department of Geology and Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA

(Received 27 August 2009; revised manuscript received 9 March 2010; published 17 May 2010)

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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How is it that DFT, an exact theory of the 
electronic ground state, cannot account for all 
adiabatic properties, including heat transport? 
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the linear-response theory of transport
Fourier
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J = →ω↑T <latexit sha1_base64="eBYixYZfJWl50IQo8w6s96E5xVs="></latexit>∫ t

0
→J(t →)J(0)↑dt →

0

t

<latexit sha1_base64="kVQLrMOaWTAbRs7Or/IQQit80Ks="></latexit>∫ t

0
→J(t →)J(0)↑dt →

0

<latexit sha1_base64="G8aP5VR6vZn4+/A4HQEQqJCWHRQ="></latexit>ω



<latexit sha1_base64="O/KgMU1FegWRCVmb3R29rIuZPl8="></latexit>

 =
⌦

kBT
lim
t!1

1

2t
var

Z t

0
J(t 0)dt 0

�

the linear-response theory of transport
Fourier

<latexit sha1_base64="kbhEAUpO89LqbsLS7YlhMcFPV7Y="></latexit>

ω =
!

kBT

∫ →

0
→J(t)J(0)↑ dt

︸ ︷︷ ︸
→J2↑ε

Green-Kubo

Einstein-Helfand

<latexit sha1_base64="+wpfjy4NUdZoLfuuWLSVY7TZUyw=">AAACKXicbVDLSgMxFM3UVx1f9bFzEyyCG8uMSHUjFNyIqwp9QVvKnTTThiaZIckIdei/uFW/xp269T/E9LGwrQcCh3Ny7k1OEHOmjed9OpmV1bX1jeymu7W9s7uX2z+o6ShRhFZJxCPVCEBTziStGmY4bcSKggg4rQeD27Fff6RKs0hWzDCmbQE9yUJGwFipkzu6xzf4vDWAOAbckhBwwJVOLu8VvAnwMvFnJI9mKHdyP61uRBJBpSEctG76XmzaKSjDCKcjt5VoGgMZQI82LZUgqG6nk9eP8KlVujiMlD3S4In6N5ESESjW65u5OSkIrYcisHkBpq8XvbH4n9dMTHjdTpmME0Mlma4PE45NhMcF4S5TlBg+tASIYvYHmPRBATG2xvktgVWpHrmuLcxfrGeZ1C4KfrFQfLjMlxqz6rLoGJ2gM+SjK1RCd6iMqoigJ/SMXtCr8+a8Ox/O1/RqxpllDtEcnO9fDKOmAA==</latexit>

J = →ω↑T <latexit sha1_base64="eBYixYZfJWl50IQo8w6s96E5xVs="></latexit>∫ t

0
→J(t →)J(0)↑dt →

0

t

<latexit sha1_base64="yOlr6aKOUpoywzqk2aSA4h5x+n0="></latexit>

1

2

〈∣∣∣∣
∫ t

0
J(t →)dt →

∣∣∣∣
2
〉

<latexit sha1_base64="izuoP7cq840NDsU99qa6993HJd8=">AAACGXicdVBLSwMxGMz6rOur6tFLsAielt3S1vYgFr14rGAf0C4lm2bb2OxuSLJCWfofvKpHf4knxasH8c+I2baCFR0IDDOZ70vG44xKZdsfxsLi0vLKambNXN/Y3NrO7uw2ZBQLTOo4YpFoeUgSRkNSV1Qx0uKCoMBjpOkNz1O/eUOEpFF4pUacuAHqh9SnGCktNTpDxDnqZnO2VSkXK8UCtC17gpTkS5WCDZ2Zkjt9Nk/447tZ62Y/O70IxwEJFWZIyrZjc+UmSCiKGRmbnVgSjvAQ9Ulb0xAFRLrJ5LVjeKiVHvQjoU+o4ET9mUhw4AnaH6i5OQkKpBwFns4HSA3kby8V//LasfLLbkJDHisS4ul6P2ZQRTAtBPaoIFixkSYIC6p/APEACYSVrm1+i6dVIsemqQv7bgX+Txp5yylZpUs7Vz0DU2TAPjgAR8ABx6AKLkAN1AEG1+AW3IF748F4Ml6M1+nVBWOW2QNzMN6+ABLKpMU=</latexit>ω

t

<latexit sha1_base64="kVQLrMOaWTAbRs7Or/IQQit80Ks="></latexit>∫ t

0
→J(t →)J(0)↑dt →

0

<latexit sha1_base64="G8aP5VR6vZn4+/A4HQEQqJCWHRQ="></latexit>ω



<latexit sha1_base64="4r7EbROBs0B9CxObFDOK1hqlX4A="></latexit>

S(ω) =






∫ →

0
→J(t)J(0)↑ cos(ωt)dt

lim
t↑0

1

2t

〈∣∣∣∣
∫ t

0
J(t ↓) cos(ωt ↓)dt ↓

∣∣∣∣
2
〉

<latexit sha1_base64="8by55LZsmuGbabaMwBsCHLGLQR4=">AAAB9nicbZA7T8MwFIVveJbyCjCyWFRIZakShAoLUgVLN4roSyJV5LhOatVOIttBVFFWfgYbYmFggZXfwb8hhSxtOdPROffq+rMXc6a0ZX0bS8srq2vrpY3y5tb2zq65t99VUSIJ7ZCIR7LvYUU5C2lHM81pP5YUC4/Tnje+nva9ByoVi8K2nsR0IHAQMp8RrPPINZEzxnGM0SVyfIlJ6twIGuAsHbtX7eyuap24ZsWqWb9Ci8YuTAUKtVzzyxlGJBE01IRjpVIsNSOcZmUnUTTGZIwDmhLhSRaM9GyKhVIT4WXoWGA9UvPdNPyvu0+0fzFIWRgnmoYkH8k7P+FIR2gKjYZMUqL5JDeYSJa/B5ERznl1/jUzVzyR5cT2PN+i6Z7W7HqtfntWaTQL9hIcwhFUwYZzaEATWtABAk/wBh/waTwaz8aL8fo3umQUOwcwI+P9B3hfkrU=</latexit>

 =
⌦

kBT
S(0)

the linear-response theory of transport

Wiener-Khinchin

<latexit sha1_base64="O/KgMU1FegWRCVmb3R29rIuZPl8="></latexit>

 =
⌦

kBT
lim
t!1

1

2t
var

Z t

0
J(t 0)dt 0

�

<latexit sha1_base64="kbhEAUpO89LqbsLS7YlhMcFPV7Y="></latexit>

ω =
!

kBT

∫ →

0
→J(t)J(0)↑ dt

︸ ︷︷ ︸
→J2↑ε

Green-Kubo

Einstein-Helfand

t

<latexit sha1_base64="yOlr6aKOUpoywzqk2aSA4h5x+n0="></latexit>

1

2

〈∣∣∣∣
∫ t

0
J(t →)dt →

∣∣∣∣
2
〉

<latexit sha1_base64="izuoP7cq840NDsU99qa6993HJd8=">AAACGXicdVBLSwMxGMz6rOur6tFLsAielt3S1vYgFr14rGAf0C4lm2bb2OxuSLJCWfofvKpHf4knxasH8c+I2baCFR0IDDOZ70vG44xKZdsfxsLi0vLKambNXN/Y3NrO7uw2ZBQLTOo4YpFoeUgSRkNSV1Qx0uKCoMBjpOkNz1O/eUOEpFF4pUacuAHqh9SnGCktNTpDxDnqZnO2VSkXK8UCtC17gpTkS5WCDZ2Zkjt9Nk/447tZ62Y/O70IxwEJFWZIyrZjc+UmSCiKGRmbnVgSjvAQ9Ulb0xAFRLrJ5LVjeKiVHvQjoU+o4ET9mUhw4AnaH6i5OQkKpBwFns4HSA3kby8V//LasfLLbkJDHisS4ul6P2ZQRTAtBPaoIFixkSYIC6p/APEACYSVrm1+i6dVIsemqQv7bgX+Txp5yylZpUs7Vz0DU2TAPjgAR8ABx6AKLkAN1AEG1+AW3IF748F4Ml6M1+nVBWOW2QNzMN6+ABLKpMU=</latexit>ω

t

<latexit sha1_base64="kVQLrMOaWTAbRs7Or/IQQit80Ks="></latexit>∫ t

0
→J(t →)J(0)↑dt →

0

<latexit sha1_base64="G8aP5VR6vZn4+/A4HQEQqJCWHRQ="></latexit>ω

<latexit sha1_base64="MTPkaBHXtX34MB/f2k5ghR1rYzc="></latexit>ω

<latexit sha1_base64="x8EI8hG3psg+aMl/DZ8PNPz4qyo=">AAAB3XicdVBNT8JAFHzFL8Qv1KOXjcQEL02LlZYbiReOGAUxQsh2WcqG3bbZ3ZoQwtGb8eLBi/4Wf4f/xkXxgNE5TWbm5b15YcqZ0o7zYeVWVtfWN/Kbha3tnd294v5BWyWZJLRFEp7ITogV5SymLc00p51UUixCTm/C8cXcv7mnUrEkvtaTlPYEjmI2ZARrI91elbuJoBE+7RdLjl0LahXfR47tuYHveYY4Z25w7iDXdr5QggWa/eJ7d5CQTNBYE46VmmKpGeF0VuhmiqaYjHFEp0SEkkUjvaxiodREhDN0IrAeqd/eXPzLu8v0MOhNWZxmmsbERIw3zDjSCZp3QwMmKdF8Yggmkpl7EBlhiYk2H1jaEoqZafxTC/1P2hXbrdrVS69Ubyy65+EIjqEMLvhQhwY0oQUEBDzDK7xZfevBerSevqM5azFzCEuwXj4BnMqJtw==</latexit>

S(ω)

t



insights from classical mechanics

hydrodynamic transport is a theory of long-
wavelength fluctuations of conserved densities

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)



<latexit sha1_base64="lOPfPQ0Yjl9OAPfAJbyOBK9nMTE="></latexit>

✏I(R,V) =
1

2
MIV

2
I +
1

2

X

J 6=I
v(|RI � RJ |)

insights from classical mechanics

hydrodynamic transport is a theory of long-
wavelength fluctuations of conserved densities

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)



<latexit sha1_base64="lOPfPQ0Yjl9OAPfAJbyOBK9nMTE="></latexit>

✏I(R,V) =
1

2
MIV

2
I +
1

2

X

J 6=I
v(|RI � RJ |)

insights from classical mechanics

hydrodynamic transport is a theory of long-
wavelength fluctuations of conserved densities

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)

<latexit sha1_base64="R4r9FVDCPyLYofzuSDSxCoBHEXc="></latexit>

J =
∑

I

ωIVI +
1

2

∑

I →=J
(VI · FIJ)(RI → RJ)



<latexit sha1_base64="lOPfPQ0Yjl9OAPfAJbyOBK9nMTE="></latexit>

✏I(R,V) =
1

2
MIV

2
I +
1

2

X

J 6=I
v(|RI � RJ |)

<latexit sha1_base64="mgwQl2s7UXo524NIpzZTVzZLnrw="></latexit>

✏I(R,V) =
1

2
MIV

2
I +
1

2

X

J 6=I
v(|RI � RJ |)(1 + �IJ) �IJ = ��IJ

<latexit sha1_base64="7/ZoWW6R5g204wHET6xdPKX9aKU="></latexit>

✏I(R,V) =
1

2
MIV

2
I +
1

2

X

J 6=I
v(|RI � RJ |)(1 + �IJ)

insights from classical mechanics

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)

<latexit sha1_base64="N284/eMy0H3iq4igdhocvjcml9s="></latexit>→

<latexit sha1_base64="or4S5g51JibH+GDhE/SgVoS1Z4I=">AAACPXicbZDLSgMxFIYzXmu9jbp0EyyCuCgzItWNUHDT7irYC7SlZNLTNjTJDElGKEPfwadxW1/DB3Anbt24MG1nYS8HAj/fn3MO5w8izrTxvA9nY3Nre2c3s5fdPzg8OnZPTms6jBWFKg15qBoB0cCZhKphhkMjUkBEwKEeDB+nfv0FlGahfDajCNqC9CXrMUqMRR33uqVj0SnjFkSacUuS8hg/4HW04+a8vDcrvCr8VORQWpWO+9vqhjQWIA3lROum70WmnRBlGOUwzrZiDRGhQ9KHppWSCNDtZHbTGF9a0sW9UNknDZ7R/x0JFYFi/YFZmJMQofVIBLZfEDPQy94UrvOasendtxMmo9iApPP1vZhjE+JpbLjLFFDDR1YQqpi9ANMBUYQaG+7ilsBS0GMbl78czqqo3eT9Qr7wdJsrltLgMugcXaAr5KM7VEQlVEFVRNErekMT9O5MnE/ny/mef91w0p4ztFDOzx+Ba6/c</latexit>∑

I

ωI =
∑

I

ωI
<latexit sha1_base64="N284/eMy0H3iq4igdhocvjcml9s="></latexit>→



<latexit sha1_base64="P8iI5GNty4IrcyNUCo+oE9jqs1Q="></latexit>

J→ =
∑

I

ωIVI +
1

2

∑

I ↑=J
(VI · FIJ)(RI → RJ)

+
1

2

∑

I ↑=J
!IJ [VIv(|RI → RJ |) + (VI · FIJ)(RI → RI)]

J→ = J+ Ṗ

<latexit sha1_base64="lOPfPQ0Yjl9OAPfAJbyOBK9nMTE="></latexit>
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2
MIV

2
I +
1

2

X

J 6=I
v(|RI � RJ |)

<latexit sha1_base64="mgwQl2s7UXo524NIpzZTVzZLnrw="></latexit>
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I +
1

2
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J 6=I
v(|RI � RJ |)(1 + �IJ) �IJ = ��IJ

<latexit sha1_base64="7/ZoWW6R5g204wHET6xdPKX9aKU="></latexit>
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X

J 6=I
v(|RI � RJ |)(1 + �IJ)

insights from classical mechanics

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>
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=
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I

ωI(R,V)

<latexit sha1_base64="ikYq3Xtw9QoUYHsbC1FFAEKxbQE="></latexit>

E = cnst

=
∑

I

ωI(R,V)

<latexit sha1_base64="N284/eMy0H3iq4igdhocvjcml9s="></latexit>→

<latexit sha1_base64="or4S5g51JibH+GDhE/SgVoS1Z4I=">AAACPXicbZDLSgMxFIYzXmu9jbp0EyyCuCgzItWNUHDT7irYC7SlZNLTNjTJDElGKEPfwadxW1/DB3Anbt24MG1nYS8HAj/fn3MO5w8izrTxvA9nY3Nre2c3s5fdPzg8OnZPTms6jBWFKg15qBoB0cCZhKphhkMjUkBEwKEeDB+nfv0FlGahfDajCNqC9CXrMUqMRR33uqVj0SnjFkSacUuS8hg/4HW04+a8vDcrvCr8VORQWpWO+9vqhjQWIA3lROum70WmnRBlGOUwzrZiDRGhQ9KHppWSCNDtZHbTGF9a0sW9UNknDZ7R/x0JFYFi/YFZmJMQofVIBLZfEDPQy94UrvOasendtxMmo9iApPP1vZhjE+JpbLjLFFDDR1YQqpi9ANMBUYQaG+7ilsBS0GMbl78czqqo3eT9Qr7wdJsrltLgMugcXaAr5KM7VEQlVEFVRNErekMT9O5MnE/ny/mef91w0p4ztFDOzx+Ba6/c</latexit>∑

I

ωI =
∑

I

ωI
<latexit sha1_base64="N284/eMy0H3iq4igdhocvjcml9s="></latexit>→



<latexit sha1_base64="P8iI5GNty4IrcyNUCo+oE9jqs1Q="></latexit>

J→ =
∑

I

ωIVI +
1

2

∑

I ↑=J
(VI · FIJ)(RI → RJ)

+
1

2

∑

I ↑=J
!IJ [VIv(|RI → RJ |) + (VI · FIJ)(RI → RI)]

J→ = J+ Ṗ

insights from classical mechanics

<latexit sha1_base64="GiLDY3AQdjMnJdAXREnk0M1lD+Y=">AAACEHicbVDLSgMxFM3UV62vURcu3ASL0G7KjEh1WXBTuqpgH9ApJZNmpqFJZkgyQhn6E/6CW927E7f+gVu/xHQ6m7YeuHByzr253OPHjCrtOD9WYWt7Z3evuF86ODw6PrFPz7oqSiQmHRyxSPZ9pAijgnQ01Yz0Y0kQ9xnp+dOHhd97JlLRSDzpWUyGHIWCBhQjbaSRfeExJEJGYKuiq62KU/Vk9h7ZZafmZICbxM1JGeRoj+xfbxzhhBOhMUNKpUhqihmZl7xEkRjhKQpJirkvaTjRK+rAUIE4UcM0O2gOr40yhkEkTQkNM3XlH8SVmnHfdHKkJ2rdW4j/eYNEB/fDlIo40UTg5aIgYVBHcJEOHFNJsGYzQxCW1FwA8QRJhLXJsGRCcdcj2CTdm5pbr9Ufb8uNZh5PEVyCK1ABLrgDDdAEbdABGMzBK3gD79aL9WF9Wl/L1oKVz5yDFVjffyJUnGo=</latexit>

→J(t)J(0)↑

<latexit sha1_base64="T0UgdCh5DOcg1OE7nxUFugLUUNs="></latexit>
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8
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sgn(I � J)⇥ �

0.1 0.2
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<latexit sha1_base64="P8iI5GNty4IrcyNUCo+oE9jqs1Q="></latexit>

J→ =
∑

I

ωIVI +
1

2

∑

I ↑=J
(VI · FIJ)(RI → RJ)

+
1

2

∑

I ↑=J
!IJ [VIv(|RI → RJ |) + (VI · FIJ)(RI → RI)]

J→ = J+ Ṗ

insights from classical mechanics

<latexit sha1_base64="T0UgdCh5DOcg1OE7nxUFugLUUNs="></latexit>

�IJ =

8
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>>>:

0

1
2 (AIJ � AJI) , AIJ ⇠ U [0, �]

sgn(I � J)⇥ �

t
0.40.2

<latexit sha1_base64="16jo+P4Ip+9BAS3W/tLqBBYdsaU="></latexit>Z t

0
hJ(t 0)J(0)idt 0<latexit sha1_base64="GiLDY3AQdjMnJdAXREnk0M1lD+Y=">AAACEHicbVDLSgMxFM3UV62vURcu3ASL0G7KjEh1WXBTuqpgH9ApJZNmpqFJZkgyQhn6E/6CW927E7f+gVu/xHQ6m7YeuHByzr253OPHjCrtOD9WYWt7Z3evuF86ODw6PrFPz7oqSiQmHRyxSPZ9pAijgnQ01Yz0Y0kQ9xnp+dOHhd97JlLRSDzpWUyGHIWCBhQjbaSRfeExJEJGYKuiq62KU/Vk9h7ZZafmZICbxM1JGeRoj+xfbxzhhBOhMUNKpUhqihmZl7xEkRjhKQpJirkvaTjRK+rAUIE4UcM0O2gOr40yhkEkTQkNM3XlH8SVmnHfdHKkJ2rdW4j/eYNEB/fDlIo40UTg5aIgYVBHcJEOHFNJsGYzQxCW1FwA8QRJhLXJsGRCcdcj2CTdm5pbr9Ufb8uNZh5PEVyCK1ABLrgDDdAEbdABGMzBK3gD79aL9WF9Wl/L1oKVz5yDFVjffyJUnGo=</latexit>

→J(t)J(0)↑

<latexit sha1_base64="T0UgdCh5DOcg1OE7nxUFugLUUNs="></latexit>
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1
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sgn(I � J)⇥ �
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insights from classical mechanics

<latexit sha1_base64="Mf/MaQT/Dv3EKQCij9MIwliWuag="></latexit>

Ṗ =
d

dt

1

4

X

I 6=J
�IJ v(|RI � RJ |)(RI � RI)

<latexit sha1_base64="P8iI5GNty4IrcyNUCo+oE9jqs1Q="></latexit>
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1

2
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I ↑=J
(VI · FIJ)(RI → RJ)

+
1

2

∑

I ↑=J
!IJ [VIv(|RI → RJ |) + (VI · FIJ)(RI → RI)]

J→ = J+ Ṗ

<latexit sha1_base64="P8iI5GNty4IrcyNUCo+oE9jqs1Q="></latexit>

J→ =
∑

I

ωIVI +
1

2
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I ↑=J
(VI · FIJ)(RI → RJ)

+
1

2

∑

I ↑=J
!IJ [VIv(|RI → RJ |) + (VI · FIJ)(RI → RI)]

J→ = J+ Ṗ



<latexit sha1_base64="P8iI5GNty4IrcyNUCo+oE9jqs1Q="></latexit>
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additivity

E[�1 ��2] = E[�1] + E[�2] +W[��]

?
= E [�1] + E [�2]

<latexit sha1_base64="WAd/88MFrqhuOWCXrxJv0ts0Ds4="></latexit>

gauge invariance of heat transport

∂𝝮

energy is additive



E[�1 ��2] = E[�1] + E[�2] +W[��]

?
= E [�1] + E [�2]

<latexit sha1_base64="WAd/88MFrqhuOWCXrxJv0ts0Ds4="></latexit>

E[�1 ��2] = E[�1] + E[�2] +W[��]

?
= E [�1] + E [�2]

<latexit sha1_base64="WAd/88MFrqhuOWCXrxJv0ts0Ds4="></latexit>

gauge invariance

<latexit sha1_base64="X3bj9w1y6vwNZXcQXHXnZMXj2aY="></latexit>

E [!] =
∫

!
e(r)dr
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J→(t) = J(t) + Ṗ(t)
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<latexit sha1_base64="oAdooXhpF9XVeYRQoThXsdafrGQ=">AAACK3icbVC7SgNBFL0b3/EVFWy0GCJiRAibWGgjiDZiFcE8wIQwO5lNBmcfzNwVwrL/YecXWPgDttpbKVaC/+FsomjUCwPnnnNfc5xQCo22/WxlxsYnJqemZ7Kzc/MLi7ml5ZoOIsV4lQUyUA2Hai6Fz6soUPJGqDj1HMnrzuVxqtevuNIi8M+xH/KWR7u+cAWjaKh2rtz0KPYcNz5Ntgq4ffCdmozskGYnwPiLrCQp285t2EV7EOQvKH2CjcM8ZG5W79Yr7dybmcIij/vIJNU6pgoFkzzJNiPNQ8ouaZdfGOhTj+tWPPhVQjYN0yFuoMzzkQzYnx0x9bTue46pTO/Tv7WU/E+7iNDdb8XCDyPkPhsuciNJMCCpRaQjFGco+wZQpoS5lbAeVZShMXJkC/McJbo9TLLGlNJvC/6CWrlY2i2Wz4w7RzCMaViDPBSgBHtwCCdQgSowuIZ7eIBH69Z6sl6s12FpxvrsWYGRsN4/ACn3qZ4=</latexit>

E �[�] = E [�] +O[��]
e �(r) = e(r)�� · p(r)

j�(r, t) = j(r, t) + ṗ(r, t)
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E �[�] = E [�] +O[��]
e �(r) = e(r)�� · p(r)

j�(r, t) = j(r, t) + ṗ(r, t)
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Microscopic theory and quantum simulation of
atomic heat transport
Aris Marcolongo1, Paolo Umari2 and Stefano Baroni1*

Quantum simulation methods based on electronic-structure theory are deemed unfit to cope with atomic heat transport within
theGreen–Kubo formalism, because quantum-mechanical energy densities and currents are inherently ill-defined at the atomic
scale. We show that, although this di�culty would also a�ect classical simulations, thermal conductivity is indeed insensitive
to such ill-definedness by virtue of a kind of gauge invariance resulting from energy extensivity and conservation. On the basis
of these findings, we derive an expression for the adiabatic energy flux from density-functional theory, which allows heat
transport to be simulated using ab initio equilibrium molecular dynamics. Our methodology is demonstrated by comparing
its predictions to those of classical equilibrium and ab initio non-equilibrium (Müller–Plathe) simulations for a liquid-argon
model, and by applying it to heavy water at ambient conditions.

Understanding heat transport is key in many fields of
science and technology, such as materials and planetary
sciences, energy saving, heat dissipation and shielding, or

thermoelectric conversion, to name but a few. Heat transport in
insulators is determined by the dynamics of atoms, the electrons
following adiabatically in their ground state. Simulating atomic heat
transport usually relies on Boltzmann’s kinetic approach1, or on
molecular dynamics (MD), both in its equilibrium (Green–Kubo,
GK; refs 2–5) and non-equilibrium4–6 flavours. The Boltzmann
equation applies only to crystalline solids well below melting,
whereas classical MD (CMD) bears on those materials and
conditions that can be modelled by interatomic potentials.
Equilibrium ab initio (AI) MD (refs 7,8) is set to overcome these
limitations, but it is still surprisingly thought to be unfit to cope
with thermal transport ‘because in first-principles calculations it is
impossible to uniquely decompose the total energy into individual
contributions from each atom’ (excerpted from ref. 9). Such a
unique decomposition is not possible in classical mechanics either,
because the potential energy of a system of interacting atoms
can be partitioned into local contributions in an infinite number
of equivalent ways. The quantum-mechanical energy density is
also a�ected by a similar indeterminacy. Notwithstanding, the
expression for the heat conductivity derived from any sensible
energy partitioning or density should obviously be well defined, as
any measurable quantity must.

In this work we first demonstrate that the thermal conductivity
resulting from the GK relation is una�ected by the indeterminacy
of the microscopic energy density; we then introduce a form of
energy density, and a corresponding adiabatic energy flux, from
which heat-transport coe�cients can be computed within the
GK formalism, using density-functional theory10,11 (DFT). Our
approach is validated by comparing the results of equilibriumAIMD
to those of non-equilibrium (Müller–Plathe, MP; ref. 6) AIMD and
equilibrium CMD simulations for a liquid-argon model, for which
accurate interatomic potentials are derived by matching the forces
generated by them with quantum-mechanical forces computed
along the AIMD trajectories. The case of molecular fluids is finally
addressed, and illustrated in the case of water at ambient conditions.

Theory
According to the GK theory2,3, the atomic thermal conductivity of
an isotropic system is given by:

 =
1

3VkBT 2

Z
1

0
hJq(t) · Jq(0)idt (1)

where brackets h·i indicate canonical averages, kB is the Boltzmann
constant, V and T are the system volume and temperature, Jq(t)=R

(je(r, t)+(p+ hei)v(r, t))dr is themacroscopic heat flux, with je, v,
p, and hei being the energy-current density, local velocity field, and
equilibrium values of pressure and energy density, respectively12,13.
For further reference, we define as di�usive a flux that results in
a non-vanishing GK conductivity, according to equation (1). The
integral of the velocity field is non-di�usive in solids and can be
assumed to vanish in one-component fluids, because of momentum
conservation. In these cases, as well as inmolecular fluids, as we will
see, we can therefore assume that heat and energy fluxes coincide.

Energy is extensive: it can thus be expressed as the integral of
a density, which is defined up to the divergence of a bounded
vector field: two densities that di�er by such a divergence, e(r) and
e0(r)=e(r)+@ ·p(r), are indeed equivalent, in that their integrals
over any finite domain di�er by a boundary term, which is irrelevant
in the thermodynamic limit, and can thus be thought of as di�erent
gauges of the same scalar field. Energy is also conserved: therefore,
for any given gauge of its density, e, a corresponding current density,
je, can be defined so as to satisfy the continuity equation:

ė(r, t)+@ · je(r, t)=0 (2)

According to equation (2) the macroscopic fluxes in two di�erent
energy gauges di�er by a total time derivative, which is non-
di�usive: J0e(t)= Je(t)+ Ṗ(t), where P(t)=

R
p(r, t)dr. The equality

of the corresponding heat conductivities results from the following
Lemma. Let J1 and J2 be two macroscopic fluxes defined
for the same system, and J12 = J1 + J2 be their sum. The
corresponding GK conductivities, 1, 2 and 12 satisfy the relation:
|12 �1 �2|2p12.
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transport to be simulated using ab initio equilibrium molecular dynamics. Our methodology is demonstrated by comparing
its predictions to those of classical equilibrium and ab initio non-equilibrium (Müller–Plathe) simulations for a liquid-argon
model, and by applying it to heavy water at ambient conditions.

Understanding heat transport is key in many fields of
science and technology, such as materials and planetary
sciences, energy saving, heat dissipation and shielding, or

thermoelectric conversion, to name but a few. Heat transport in
insulators is determined by the dynamics of atoms, the electrons
following adiabatically in their ground state. Simulating atomic heat
transport usually relies on Boltzmann’s kinetic approach1, or on
molecular dynamics (MD), both in its equilibrium (Green–Kubo,
GK; refs 2–5) and non-equilibrium4–6 flavours. The Boltzmann
equation applies only to crystalline solids well below melting,
whereas classical MD (CMD) bears on those materials and
conditions that can be modelled by interatomic potentials.
Equilibrium ab initio (AI) MD (refs 7,8) is set to overcome these
limitations, but it is still surprisingly thought to be unfit to cope
with thermal transport ‘because in first-principles calculations it is
impossible to uniquely decompose the total energy into individual
contributions from each atom’ (excerpted from ref. 9). Such a
unique decomposition is not possible in classical mechanics either,
because the potential energy of a system of interacting atoms
can be partitioned into local contributions in an infinite number
of equivalent ways. The quantum-mechanical energy density is
also a�ected by a similar indeterminacy. Notwithstanding, the
expression for the heat conductivity derived from any sensible
energy partitioning or density should obviously be well defined, as
any measurable quantity must.

In this work we first demonstrate that the thermal conductivity
resulting from the GK relation is una�ected by the indeterminacy
of the microscopic energy density; we then introduce a form of
energy density, and a corresponding adiabatic energy flux, from
which heat-transport coe�cients can be computed within the
GK formalism, using density-functional theory10,11 (DFT). Our
approach is validated by comparing the results of equilibriumAIMD
to those of non-equilibrium (Müller–Plathe, MP; ref. 6) AIMD and
equilibrium CMD simulations for a liquid-argon model, for which
accurate interatomic potentials are derived by matching the forces
generated by them with quantum-mechanical forces computed
along the AIMD trajectories. The case of molecular fluids is finally
addressed, and illustrated in the case of water at ambient conditions.
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p, and hei being the energy-current density, local velocity field, and
equilibrium values of pressure and energy density, respectively12,13.
For further reference, we define as di�usive a flux that results in
a non-vanishing GK conductivity, according to equation (1). The
integral of the velocity field is non-di�usive in solids and can be
assumed to vanish in one-component fluids, because of momentum
conservation. In these cases, as well as inmolecular fluids, as we will
see, we can therefore assume that heat and energy fluxes coincide.

Energy is extensive: it can thus be expressed as the integral of
a density, which is defined up to the divergence of a bounded
vector field: two densities that di�er by such a divergence, e(r) and
e0(r)=e(r)+@ ·p(r), are indeed equivalent, in that their integrals
over any finite domain di�er by a boundary term, which is irrelevant
in the thermodynamic limit, and can thus be thought of as di�erent
gauges of the same scalar field. Energy is also conserved: therefore,
for any given gauge of its density, e, a corresponding current density,
je, can be defined so as to satisfy the continuity equation:

ė(r, t)+@ · je(r, t)=0 (2)

According to equation (2) the macroscopic fluxes in two di�erent
energy gauges di�er by a total time derivative, which is non-
di�usive: J0e(t)= Je(t)+ Ṗ(t), where P(t)=
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p(r, t)dr. The equality

of the corresponding heat conductivities results from the following
Lemma. Let J1 and J2 be two macroscopic fluxes defined
for the same system, and J12 = J1 + J2 be their sum. The
corresponding GK conductivities, 1, 2 and 12 satisfy the relation:
|12 �1 �2|2p12.
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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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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
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Quantum simulation methods based on electronic-structure theory are deemed unfit to cope with atomic heat transport within
theGreen–Kubo formalism, because quantum-mechanical energy densities and currents are inherently ill-defined at the atomic
scale. We show that, although this di�culty would also a�ect classical simulations, thermal conductivity is indeed insensitive
to such ill-definedness by virtue of a kind of gauge invariance resulting from energy extensivity and conservation. On the basis
of these findings, we derive an expression for the adiabatic energy flux from density-functional theory, which allows heat
transport to be simulated using ab initio equilibrium molecular dynamics. Our methodology is demonstrated by comparing
its predictions to those of classical equilibrium and ab initio non-equilibrium (Müller–Plathe) simulations for a liquid-argon
model, and by applying it to heavy water at ambient conditions.

Understanding heat transport is key in many fields of
science and technology, such as materials and planetary
sciences, energy saving, heat dissipation and shielding, or

thermoelectric conversion, to name but a few. Heat transport in
insulators is determined by the dynamics of atoms, the electrons
following adiabatically in their ground state. Simulating atomic heat
transport usually relies on Boltzmann’s kinetic approach1, or on
molecular dynamics (MD), both in its equilibrium (Green–Kubo,
GK; refs 2–5) and non-equilibrium4–6 flavours. The Boltzmann
equation applies only to crystalline solids well below melting,
whereas classical MD (CMD) bears on those materials and
conditions that can be modelled by interatomic potentials.
Equilibrium ab initio (AI) MD (refs 7,8) is set to overcome these
limitations, but it is still surprisingly thought to be unfit to cope
with thermal transport ‘because in first-principles calculations it is
impossible to uniquely decompose the total energy into individual
contributions from each atom’ (excerpted from ref. 9). Such a
unique decomposition is not possible in classical mechanics either,
because the potential energy of a system of interacting atoms
can be partitioned into local contributions in an infinite number
of equivalent ways. The quantum-mechanical energy density is
also a�ected by a similar indeterminacy. Notwithstanding, the
expression for the heat conductivity derived from any sensible
energy partitioning or density should obviously be well defined, as
any measurable quantity must.

In this work we first demonstrate that the thermal conductivity
resulting from the GK relation is una�ected by the indeterminacy
of the microscopic energy density; we then introduce a form of
energy density, and a corresponding adiabatic energy flux, from
which heat-transport coe�cients can be computed within the
GK formalism, using density-functional theory10,11 (DFT). Our
approach is validated by comparing the results of equilibriumAIMD
to those of non-equilibrium (Müller–Plathe, MP; ref. 6) AIMD and
equilibrium CMD simulations for a liquid-argon model, for which
accurate interatomic potentials are derived by matching the forces
generated by them with quantum-mechanical forces computed
along the AIMD trajectories. The case of molecular fluids is finally
addressed, and illustrated in the case of water at ambient conditions.

Theory
According to the GK theory2,3, the atomic thermal conductivity of
an isotropic system is given by:
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where brackets h·i indicate canonical averages, kB is the Boltzmann
constant, V and T are the system volume and temperature, Jq(t)=R

(je(r, t)+(p+ hei)v(r, t))dr is themacroscopic heat flux, with je, v,
p, and hei being the energy-current density, local velocity field, and
equilibrium values of pressure and energy density, respectively12,13.
For further reference, we define as di�usive a flux that results in
a non-vanishing GK conductivity, according to equation (1). The
integral of the velocity field is non-di�usive in solids and can be
assumed to vanish in one-component fluids, because of momentum
conservation. In these cases, as well as inmolecular fluids, as we will
see, we can therefore assume that heat and energy fluxes coincide.

Energy is extensive: it can thus be expressed as the integral of
a density, which is defined up to the divergence of a bounded
vector field: two densities that di�er by such a divergence, e(r) and
e0(r)=e(r)+@ ·p(r), are indeed equivalent, in that their integrals
over any finite domain di�er by a boundary term, which is irrelevant
in the thermodynamic limit, and can thus be thought of as di�erent
gauges of the same scalar field. Energy is also conserved: therefore,
for any given gauge of its density, e, a corresponding current density,
je, can be defined so as to satisfy the continuity equation:

ė(r, t)+@ · je(r, t)=0 (2)

According to equation (2) the macroscopic fluxes in two di�erent
energy gauges di�er by a total time derivative, which is non-
di�usive: J0e(t)= Je(t)+ Ṗ(t), where P(t)=

R
p(r, t)dr. The equality

of the corresponding heat conductivities results from the following
Lemma. Let J1 and J2 be two macroscopic fluxes defined
for the same system, and J12 = J1 + J2 be their sum. The
corresponding GK conductivities, 1, 2 and 12 satisfy the relation:
|12 �1 �2|2p12.
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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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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 nuts and bolts of gauge invariance

Two short-sighted energy gauges yielding identical atomic 
forces generate energy fluxes that differ only by a convective 
term, and hence result in the same heat conductivity



• different local, short-sighted, representations of a system’s potential 
energy that yield the same atomic forces give rise to the same heat 
conductivity  

• the resulting energy-energy diagonal elements of the Onsager matrix, 
though, may differ 

• the correct multi-component formula for the heat conductivity must 
always be used when computing the thermal conductivity of a system 
with diffusing mass currents 

• the effort to compute properties that defy proper implementation 
sometimes yields insight worth having, because … 

conclusions



• different local, short-sighted, representations of a system’s potential 
energy that yield the same atomic forces give rise to the same heat 
conductivity  

• the resulting energy-energy diagonal elements of the Onsager matrix, 
though, may differ 

• the correct multi-component formula for the heat conductivity must 
always be used when computing the thermal conductivity of a system 
with diffusing mass currents 

• the effort to compute properties that defy proper implementation 
sometimes yields insight worth having, because … 

conclusions



the computer is a 
tool for clean thinking

Freeman J. Dyson,  
Imagined Worlds,  
Harvard University Press (1997)

conclusions



For seminal contributions to the development of first-principles methods 
to investigate the electronic and thermal properties of condensed systems, 
and for the development and dissemination of open-source software for 
electronic structure calculations that has been widely adopted.

thanks to:



For seminal contributions to the development of first-principles methods 
to investigate the electronic and thermal properties of condensed systems, 
and for the development and dissemination of open-source software for 
electronic structure calculations that has been widely adopted.

this talk

th
an

ks
 t

o:



Stefano de Gironcoli

For seminal contributions to the development of first-principles methods 
to investigate the electronic and thermal properties of condensed systems, 
and for the development and dissemination of open-source software for 
electronic structure calculations that has been widely adopted.

density-functional 
perturbation theory

Andrea Dal Corso

Paolo Giannozzi

th
an

ks
 t

o:



For seminal contributions to the development of first-principles methods 
to investigate the electronic and thermal properties of condensed systems, 
and for the development and dissemination of open-source software for 
electronic structure calculations that has been widely adopted.

th
an

ks
 t

o:

Paolo Giannozzi

Oscar Baseggio 
Stefano de Gironcoli 
Ivan Carnimeo 
Francesco Andreucci 
Fabrizio Ferrari Ruffino



su
pp

or
te

d 
by

LOGO Quantum Espresso Foundation

QUANTUM ESPRESSO 
FOUNDATION

QUANTUM ESPRESSO 
FOUNDATION

http://foundation.quantum-espresso.org

 

http://www.max-centre.eu

PROPOSAL
Designing the logo

https://www.supercomputing-icsc.it

http://quantum-espresso.org

