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Abstract

Homogeneous Non-Equilibrium Molecular Dynamics Methods for Calculating the Heat
Transport Coefficient of Solids and Mixtures
by
Kranthi Kiran Mandadapu
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Panayiotis Papadopoulos, Chair

This thesis presents a class of homogeneous non-equilibrium molecular dynamics (HNEMD)
methods for obtaining the heat transport coefficient that relates the heat flux and temperature gra-
dient in the linear irreversible regime. These methods are based on the linear response theory of
statistical mechanics. The proposed HNEMD methods are parallelizable, and yield better statistical
averages at lower overall computational cost than the existing direct and Green-Kubo methods.

The HNEMD method, as it was initially proposed, is applicable only to single-species systems
with two-body interactions. In this thesis, the HNEMD method is extended to single species sys-
tems with many-body interactions, and is applied to silicon systems where three-body interactions
are taken into account.

The HNEMD method developed for single-species systems is inadequate for obtaining the heat
transport coefficient of multi-species systems. A further development of the HNEMD method,
the Mixture-HNEMD (M-HNEMD) method, is presented for multi-species systems with many-
body interactions. This M-HNEMD method satisfies all the requirements of linear response theory
and is compatible with periodic boundary conditions. Applications of the M-HNEMD method
to liquid argon-krypton systems with two-body interactions and to perfectly crystalline gallium-
nitride systems with three-body interactions are presented, and the results are consistent with the
results from the Green-Kubo method. This is the first HNEMD method which can be used for
calculating the heat-transport coefficient of multi-species systems.

The expressions for stress tensor and heat-flux vector needed for the development of HNEMD
method for single-species systems and of the M-HNEMD method for multi-species systems with
many-body interactions require an extension of the statistical mechanical theory of transport pro-
cesses proposed by Irving and Kirkwood. This extension forms an integral part of the thesis.
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Chapter 1

Introduction

Heat conduction is a process involving transfer of energy between regions due to a temperature
gradient. In the linear irreversible thermodynamic regime, i.e., when systems are close to ther-
modynamic equilibrium, the heat flux Jq is often modeled as directly proportional to the tem-
perature gradient V'T', where 7' is the temperature. This is very well known as the Fourier’s law
Jo = —kVT'. The constant of proportionality « relating the heat flux to the temperature gradient
is called the heat transport coefficient.

Heat transport coefficient estimates are very important in many applications, such as ther-
moelectric devices which convert heat to electricity [3, 44], semiconductor devices [20], etc. In
thermoelectrics, the efficiency of the device depends on the thermal conductivity through a dimen-
sionless factor Z'T, also called as the figure of merit, by

oS*T

7T = , (1.1)
K

2
where Z = U—, S is the Seebeck coefficient and o is the electrical conductivity. If ZT" is high,
the efficiency %f such devices is high. One way of increasing Z7T' is to create a material which
keep 052 constant and to reduce the thermal conductivity ~, showing the importance of the heat
transport coefficient [44, 36].

The heat transport coefficient is usually obtained by experiment. However, in some cases, it
can be very expensive to perform such experiments. Consider the example of Indium-Gallium-
Arsenide (In, — Ga;_, — As) alloy semiconductors as thermoelectric devices. The thermal con-
ductivity of these semiconductors varies with the alloy composition = and exhibits a minimum
for x = 0.53 [52]. It was later found by experiments that adding Erbium-Arsenide (ErAs) nano-
particles to (Ing 53 — Gag 47 — As) reduced the thermal conductivity by 50% and the numerator in
(1.1) did not change, thereby doubling the Z’I" [36]. In order to find a better thermoelectric ma-
terial, i.e., higher ZT', than ErAs : Ings3 — Gag47 — As, one needs to alloy further using group
IIT and group V compounds from the periodic table. However, there exist many possible choices
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of elements in groups III and V, therefore the task of doing experiments may become very ex-
pensive. Molecular dynamics (MD) simulations provide a valuable tool in the above problem by
reducing the pool of choices for which experiments can be performed, thereby reducing the total
cost of experiments. Another important case involves problems related to mechanics, where the
thermal conductivity tensor k is often strongly dependent on the deformation gradient F' and the
temperature 7. The task of designing experiments that measure «(F, T) is generally complex and
expensive owing to the size of the parametric space of F' and 7'. Moreover, it is often difficult to
identify from the experimental results the contribution of, say, a distribution of defects or impuri-
ties. Molecular dynamics (MD) simulations provide an efficient supplement to such experiments.

Heat transport coefficient can be computed using MD simulations given sufficient information
regarding the inherent molecular structure and an interatomic potential that accurately describes
the interactions among the particles in the system [31, 42, 11, 69, 21, 25, 48, 51, 70, 67, 33, 73, 46,
45, 47]. The two most commonly used methods for estimating the heat transport coefficient are (i)
the direct method [69, 67, 73] and (i1) the GreenKubo (GK) method [38, 40, 28, 70, 67, 33]. In the
direct method, a fixed heat flux J is driven through the system and the corresponding temperature
gradient is estimated [67, 73]. The heat transport coefficient is then obtained by using Fourier’s law
(Jo = —wVT). This is a non-equilibrium molecular dynamics (NEMD) method as the system
is driven to a non-equilibrium thermodynamic state due to the temperature gradient and is called
as the direct method, as it is analogous to the experimental measurement. Another variant of the
direct method exists, where a fixed temperature gradient is maintained by using two reservoirs with
different temperatures at the two ends of the system and the corresponding heat flux is estimated
[31, 69]. The heat transport coefficient is then obtained using Fourier’ law. This method is fraught
with finite-size effects and unrealistically large temperature gradients making it difficult to obtain
an estimate of the heat transport coefficient at the desired temperature. On the other hand, the
Green-Kubo (GK) method is an equilibrium molecular dynamics method, where fluctuations of the
heat flux from equilibrium MD simulations are employed to calculate the heat transport coefficient
via the Green-Kubo formulae [70, 67, 33]. These formulae are obtained by employing Onsager’
regression hypothesis [57, 58], and are given by integrals of autocorrelation functions of the heat
fluxes [40, 28]. In this method, the heat flux autocorrelation function is obtained from the heat flux
fluctuations and is then integrated. Typically, the GK method requires very long simulation times
to yield values of heat transport coefficients that are converged to within statistical uncertainties,
largely due to the inaccuracy of the calculation of the autocorrelation function. An alternative to
these methods, the so-called homogeneous nonequilibrium molecular dynamics (HNEMD) method
[21, 24, 46, 45, 47], with which this thesis is chiefly concerned, has advantages over both the
GK method and the direct method. Relative to the former it is free of difficulties involving the
calculation and integration of the heat flux autocorrelation tensor, while relative to the latter it
does not have strong size effects and unrealistically large temperature gradients. In addition, the
HNEMD method typically yields better statistical averages than both the direct and the GK method
at a lower overall computational cost.

The HNEMD method, initially proposed by Evans [21], defines a mechanical analog to the
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thermal transport process and uses the linear response theory to calculate the transport coefficients.
This method is synthetic, in the sense that a fictitious external force field is used to mimic the ef-
fect of a thermal gradient, thereby reducing the thermal transport problem to a mechanical problem.
This external force field appears in the equations of motion. If this force field is sufficiently small,
the long-time ensemble average of the heat flux vector corresponding to the resultant nonequilib-
rium system is proportional to the field with the constant of proportionality being the Green-Kubo
formula for the heat transport coefficient. Therefore, the heat transport coefficient at a desired
temperature can be computed from the response of the heat flux vector to the fictitious force field,
thereby avoiding the tedious calculation and integration of the heat flux autocorrelation function.

The HNEMD method was initially formulated by Evans for ’single-species” systems modeled
by interaction potentials consisting of two-body (or pair) potentials. Therefore, in its original incar-
nation, it was not applicable to materials that contain different species and are modeled by higher
order potentials. Also, if this initially developed HNEMD method is applied to multi-species sys-
tems, e.g., a semi-conductor gallium-nitride (GaN) system, the long-time average of the heat flux
vector still remains proportional to the external field. However, the constant of proportionality
is not just equal to heat transport coefficient, but involves additional correlation integrals. These
correlation integrals need to be evaluated from an equilibrium simulation in addition to running
the HNEMD algorithm. To this end, a new class of HNEMD method is developed in this thesis to
address the shortcomings of the original HNEMD method.

The contributions from this thesis can be grouped into three parts: (i) extension of the HNEMD
method to single species systems modeled by three-body and many-body potentials, (i1) a new
HNEMD method for multi-species systems, called here as Mixture-HNEMD (M-HNEMD) method,
modeled by interaction potentials containing terms of any order, and (iii) extension of Irving and
Kirkwood’s statistical mechanical theory of transport processes to systems modeled by many body
potentials, so as to be able to derive the expressions for stress tensor and heat flux vector which
can be used in the HNEMD and M-HNEMD methods.

The thesis is organized as follows: In Chapter 2, a review of the basic continuum thermome-
chanics is given within the context of heat conduction in solids and liquid mixtures. Here, the
balance laws of mass, momentum, energy and entropy are introduced. Explicit formulae for the
internal entropy production rate in terms of the flux vectors, such as heat flux and diffusive flux,
and thermodynamic forces, such as temperature gradient and chemical potential gradient that drive
the irreversible processes, are obtained. Assuming that the system is not far from equilibrium,
linear phenomenological laws are introduced between the fluxes and thermodynamic forces and
heat transport coefficient is identified as a constant of proportionality between the heat flux and
the temperature gradient. In Chapter 3, a review of statistical mechanics is given. Here, Green-
Kubo formulae required for the evaluation of heat transport coefficient are also introduced. Later,
the statistical mechanical theory of transport processes given by Irving and Kirkwood is extended
to systems modeled by many-body interaction potentials. In Chapter 4, a review of the existing
molecular dynamics methods, such as the direct method and Green-Kubo methods for evaluating
the heat transport coefficients is given and their advantages and disadvantages are highlighted.
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Also, the HNEMD method, which forms the main contribution of this thesis, is introduced. Chap-
ter 5 introduces the linear response theory necessary for the application of the HNEMD method to
compute the heat transport coefficient. Here, a review of the equations of motion required to main-
tain a constant temperature in the form of a Nosé-Hoover thermostat is presented, and it is proved
that these equations of motion reproduce the canonical phase-space distribution. Subsequently,
these equations of motion are perturbed by an external field in a particular way and the long-time
average of any phase variable is shown to be proportional to the external field with the constant of
proportionality being an integral of an autocorrelation function. Three basic conditions required
for the application of this theory to evaluate the heat transport coefficient are obtained by equating
the above integral of the autocorrelation function to the Green-Kubo formula for the heat trans-
port coefficient. In Chapter 6, the equations of motion necessary for the application of HNEMD
method to single-species systems are introduced for the case of two-body potentials and applied
to an argon (Ar) system at the triple point. These are then extended to three-body and many-body
potentials and applied to a silicon (Si) system. In Chapter 7, it is shown that the HNEMD method
in its original form is inadequate to estimate the heat transport coefficient for a multi-species sys-
tem. Next, the M-HNEMD equations of motion are developed and applied to a pure argon system,
an argon-krypton (Ar-Kr) binary mixture, and a perfect GaN crystal. Chapter 8 summarizes the
findings of the thesis and describes potential directions of future work.



Chapter 2

Continuum Thermomechanics

In this chapter, the macroscopic balance laws of mass, momentum and energy are introduced.
The Second Law of Thermodynamics is introduced as a form of entropy balance with positive
internal entropy production rate. For the case of solids and liquid mixtures, explicit formulae for
the internal entropy production rate in terms of the flux vectors and the thermodynamic forces
driving the irreversible processes are obtained. Further, in the linear irreversible thermodynamical
regime, linear phenomenological relations are proposed between fluxes and thermodynamic forces,
thereby identifying thermal conductivity as a constant of proportionality between the heat flux and
the temperature gradient vectors.

2.1 Kinematics and Balance Laws

Consider a body B, defined as a collection of material points, whose reference configuration is
denoted by R, at time ¢, and whose current configuration is R at time ¢. Let X be the position
vector of any material point in the reference configuration and let corresponding position vector x

in the current configuration be defined by a mapping x : Ro x t — R such that x = x(X, ).

0
Deformation in the body is characterized by the deformation gradient F defined as F(X, t) = 8_})2

The local forms of macroscopic balances of mass, momentum and energy with respect to the
current configuration are expressed as

9]
p(x,t) + p(x, t)(?_x -v(x,t) = 0, (2.1

p(x, )v(x,t) = 6%( -T(x,t) + p(x,t)b(x,t) , (2.2)
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and

p(x,t)é(x,t) = p(x,t)b(x,t) - v(x,t) + p(x,t)r(x,t) i (T(x,t)v(x,t)) — (,% Jo(x,1),

*ox
2.3)

d
where p(x,t) > 0 is the mass density, v(x,t) = d—); is the velocity, T(x,t) is the Cauchy stress

tensor, b(x, t) is the body force per unit mass, J(x,t) is the heat flux vector, r(x, ¢) is the heat
source per unit mass at the macroscopic point x at time ¢, and e(x, t) is the total energy per unit

mass defined as ]

: : : . 0 :
with € being the internal energy per unit mass. Here, “(9_ - denotes the divergence operator and
X

—~ d
(-) = — () denotes the material time-derivative of (-).
The local form of the Second Law of Thermodynamics is expressed as

. 0
pOC I, E) = =2+ 3y 1) + plx, s, 8) + plx DsiCx, 1) 2.5)
where 7(x, t) is the entropy per unit mass, J,(x, ¢) is the entropy flow per unit area, s.(x, t) is the
external entropy production rate per unit mass (e.g., radiation) and s;(x, t) is the internal entropy
production rate per unit mass which is positive for irreversible processes and zero for reversible
processes, i.e.,

si(x,t) >0, (2.6)
see [61, Chapter 3] and [18, 26, 27]. Using (2.4), the balance of energy (2.3) can be rewritten as

0
c = ——J T:L 2.7
pE % e + pr + (2.7)
. ov . : : .
using (2.2), where L = < is the velocity gradient, and “:” denotes the double dot product of any
X

two tensors.

2.2 Heat Conduction in an Elastic Solid

In an elastic solid, the internal energy e and entropy 7 are assumed to depend on the deformation
gradient F' and temperature 7', i.e.,
e = ¢F,T), (2.8)

n = nFT). (2.9)
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Now, defining the Helmholtz free energy per unit mass ¢ = @Z(F, T) as
Vv =¢e—Tn, (2.10)
the rate of change of entropy is given by

o = pé — pT'n — pib
T

o (Jo r o\ T o\ L vT

= ——-|= = — — | = T—-p—=F |:=—-Jo —

ox <T)+pT (pn+p8T>T+( P oF T e

where the second equality is obtained by using (2.7). Comparing (2.11) to the balance of entropy

given by (2.5), it can be seen that the entropy flow J,, externally supplied entropy rate s, and the
internal entropy production rate s; are given by

(2.11)

J77 = ?, (2.12)
r
pse - pf; (2.13)
o\ T ) L
psi:—(pn+pa—;€)f+(T—pa—$FT):?+JQ~XQ > 0, (2.14)

vT
respectively, where X = — Since inequality (2.14) holds for all F' and 7', and also 7" may

vary independently of F for homothermal processes, (V1" = 0) one can obtain

A
T = p—=F 2.15
PoFt (2.15)
o
= —— 2.16
therefore one is left with the inequality
Jo-Xg > 0. (2.17)

Here, X, is called the thermodynamic force driving the irreversible process of heat conduction.
In the linear irreversible thermodynamic regime, the heat flux vector Jo may be assumed to be
linearly dependent on the thermodynamic force Xg, i.e.,

Jo = LooXo, (2.18)
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where Lgg is the constant of proportionality tensor. Admitting Fourier’ law in the form Jo =
—k VT, and recalling the definition of X, the thermal conductivity tensor can be obtained as

L
K= _7?262 : (2.19)

2.3 Heat Conduction in Liquid Mixtures

It is well known that mixtures consisting of different species are capable of heat conduction, dif-
fusion and cross phenomena such as the thermo diffusion (commonly called Sorét effect) and the
Dufour effect [18, Section 49]. Sorét effect is a phenomenon where a concentration gradient is
set up due to a temperature gradient [35]. Dufour effect is a phenomenon where a temperature
gradient arises when two substances diffuse each other [66]. In a mixture consisting of n differ-
ent species, one may write balance laws of mass, momentum and energy for each species [55].
However, for the present purpose, only balances of mass for the species are written separately and
combined balance laws of momentum and energy are used to define the internal entropy production
rate [18, 19].
At the macroscopic point x, the system of liquid mixtures has a density p(x, ¢) such that

p(x,t) = Y pr(x,1), (2.20)
k=1

where py(x,t) is the density of species k [18, Chapter 43]. The local form of the balance of mass
for the species k, when there are no chemical reactions, is expressed as

(9pk . 0
ot ox (PKVE) (2.21)

where vy, is the velocity of the species k. Summing (2.21) over all the species, one may obtain
0 [ 0 =
= = ——. ) 222
o (Z Pk) % (Z kak) (2.22)
k=1 k=1
Now, defining the barycentric velocity v at the macroscopic point x as

n
E PV
k=1

v = k= (2.23)
p
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and using (2.20), (2.22) can be written as

dp 0
L v (2.24)

Also, the material time derivative of the density of species k can be written as

0 0
Pk P VT g Ik (2.25)
using (2.21) and (2.22), where J;, = pi(vy — v) is the diffusive flux. It can be seen from the

definition of diffusive flux and barycentric velocity (2.23) that

> T =D plvi—v)=0. (2.26)
k=1 k=1
Again, summing up (2.25) over all the species and using (2.20), one may obtain
0
) = —p— - 2.27
p <V (2.27)

which is the balance of mass at the macroscopic point x when all of the species are taken together.
Now, defining the concentration of each species c;, as

e = 25 (2.28)

p

the rate of concentration of species may be obtained as

ox

The local form of the combined balance of momentum is expressed as

. 0 =
pvo= o T ; pibs (2.30)

where by, is the body force per unit mass on the species k. Similarly, the local form of the balance
of energy is expressed as

Tv) - 2. Jo . 2.31)

& 0
> = E by - vi + pr +
pe PrDg - Vi — pr Ox

pt ox
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1
Again, defining the total energy e = SV v + € for the liquid mixture, (2.31) may be written as

= 0
£ = — T:L by -Jy——-Jg. 2.32
pe pr+ + ; eede— o Ja (2.32)
At this stage, the derivations are specialized to the case of a liquid mixture system, which is as-
sumed to be constitutively dependent on specific volume v = —, temperature T and concentrations
Ck, l.e.,
e = éw,T,c1,09,...,¢), (2.33)
n = nw,T,c1,coy. .. Cn) - (2.34)
Again, similar to the case of solids, introducing the Helmholtz energy to be ¢ = ﬁ(u, T c1,¢0y ..., Cp)

= € — T'n, the rate of entropy is obtained as

o = pé — pTn — pt
T

9 (g oY\ T WL VT
= " ox (T)+pT (pn+paT) +<T au> Jor—r (239

o
_pZGCka +Zbk J. .

0
Using (2.29) and letting pu, = a—w be the chemical potential of species &, (2.35) can be reduced to
Ck

.0 Jo = > i td r o o L
= &'( T T\ ) T pr(r )
vT . Hr
—JQ W—i_ [bk—V<T>}J;€

(2.36)

where I is the identity tensor. Comparing (2.36) to (2.5), the entropy flow J,, the external entropy
supply rate s., and the internal entropy production rate are obtained as

I — Jo =D ey rdi
=

- , (2.37)

pPSe = (2.38)

r
T )

10
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o\ T o L -
= = — )=+ (T-=0) = +Jp-X §J~X>, 23
ps <’0n+p8T)T+< 3y> T e Q+k:1 e Xe 2 0 (239)
respectively, where X and X, = b, — V (%) are the thermodynamic forces driving the irre-

versible processes of heat transfer and diffusion, respectively. Again, as (2.39) is valid for all v
and 7" assuming no viscous effects, one can obtain the following results

O

= —p— 2.4
N = b (2.40)
- %1 (2.41)
ov
psi = Jo X+ Y I Xp > 0. (2.42)
k=1

Taking into account (2.26), the total rate of entropy production (2.42) can be equivalently expressed

as
n—1

psi = Jg-Xg+ Y T (Xp—X,) > 0. (2.43)

k=1

Reducing (2.43) to the special case of binary mixture (n = 2) results in
psi = Jo-Xo+J1- (X3 —-X,,) > 0. (2.44)

Assuming the irreversible processes are close to thermodynamic equilibrium, the linear phenomeno-
logical relations

J, = Lp(X; —Xy) +LigXg (2.45)
Jo = Lu(X;—Xs)+ LooXg (2.46)

are proposed, where Li;, Lig, Lg: and Lgg are phenomenological coefficient matrices. Using
(2.45), (2.46) and (2.44) it can be seen that

LQQ LQl :;Q 47
>
|: XQ X1 XQ } |: L1 L11 :| |: X1 XQ 0 (2 )

for any X and X; — X. It can be seen from (2.47) that the tensor Loe Lan } is positive

definite. Hence L and Ly, are also positive definite and are therefore invertible.
It is important to emphasize that in the case of binary liquid mixtures the evaluation of Lgg is

11



Chapter 2. Continuum Thermomechanics

not sufficient for estimating the thermal conductivity . Indeed, experiments measuring thermal
conductivity of binary liquid mixtures are typically conducted using the stationary state (J; = 0).
In this case, (2.45) implies X; — X, = —L;'L;oXg, which reduces (2.46) to

Jo = (Lgg — LoiLiiLig)Xo - (2.48)

Therefore, for binary liquid mixtures, admitting Fourier’s law in the form Jg = —xVT' and
recalling the definition of X, the thermal conductivity tensor may be obtained as

KR = %(LQQ — LQlLl_llLlQ) . (249)
In contrast to liquid mixtures, in a crystalline solid, if no significant mass diffusion exits, one
may neglect diffusion and the cross phenomena associated with it. In this case, X is the only
thermodynamic force, and therefore the heat flux vector in the linear irreversible regime follows
Loq
T2 °

the phenomenological law Jo = Lo X, thus yielding the thermal conductivity as k = as

shown in Section 2.2.

Lo
T2
lar dynamics simulations in an accurate and time efficient manner. Hence, a connection needs to be
established between macroscopic quantities such as energy, heat flux, diffusive flux etc., with the
molecular variables such as positions and momenta of atoms or molecules that form the system.

This will be accomplished in Chapter 3.

The main objective of this work is to estimate the heat transport coefficient using molecu-

12



Chapter 3

Statistical Mechanics

It is well-known that every macroscopic system is made up of atoms or molecules whose dynamics
is governed by certain laws (e.g., Newton’s Laws) with specified interparticle interactions. It is very
difficult to determine the state of the macroscopic system by determining the position and momenta
of each and every atom referred to together as molecular variables . Hence, the behavior of the
system is governed by a set of few macroscopic observables (e.g., energy, temperature, etc.) which
can reproduce a phenomenon. Consistent with these governing macroscopic observables, there
exist many microstates, i.e., sets of positions and momenta of all atoms, which together form an
ensemble. Any macroscopic observable measured under the governing set is defined as an average
over all members of the ensemble, and any deviation from the average value is called a fluctuation.
Statistical mechanics deals with the relationship between the microscopic dynamics and the set of
macroscopic observables that govern the macroscopic behavior of the system [10, 8, 41].

A fundamental result in statistical mechanics is the expression for specific heat C,,, an equilib-
rium property, in terms of fluctuations of energy in the “canonical” ensemble where the governing
set of macroscopic variables are the number of particles N, volume V' and temperature 7' [8]. In
a similar manner, it is possible to obtain expressions for the nonequilibrium properties L;;, L,
Lg1, and L in terms of the fluctuations of the diffusive and heat flux vectors in an equilibrium
system [57, 58, 40]. In this chapter, explicit expressions for the heat transport coefficients are
given as integrals of correlations of diffusive and heat flux vectors in an equilibrium system. Also,
a detailed derivation of the expression for the instantaneous heat flux vector is given in terms of
positions and momenta of atoms of a system modeled by M-body potentials, which can then be
used to obtain the required transport coefficient L.

3.1 Green-Kubo Formulae

Consider an isolated system which can exchange neither energy nor matter with the surroundings.
The governing set of macroscopic variables in this case are the number of particles N, volume V'

13



Chapter 3. Statistical Mechanics

and energy E. Assume that the system reached equilibrium, where the macroscopic variables when
averaged do not change with time. Imagine that the total system is divided into subsystems where
local temperature and concentrations may be defined. It is known from equilibrium statistical
mechanics that on an average (over all the members in the ensemble corresponding to the isolated
system), the temperature and concentrations of the constituents are uniform throughout the system
and hence no average thermodynamic forces such as X, and X, in the case of mixtures. However,
there may be spontaneous local fluctuations (in any member of the ensemble) resulting in non-zero
thermodynamic forces X, and X, which, though small, drive the irreversible process of diffusion
and heat transfer in the system. Hence, it may be possible to model the fluctuations using the
phenomenological laws (2.45)-(2.46).

To model the fluctuations, it was hypothesized by Onsager that the “decay of a system from
a given nonequilibrium state produced by a spontaneous fluctuation obeys, on the average, the
(empirical) law for the decay from the same state back to equilibrium, when it has been produced
by a constraint which is then suddenly removed” [57, 58, 59]. Let ay, as, . . ., a, be a set of macro-
scopic observables which are of interest for the isolated system in equilibrium. These can either
be defined for the whole system (such as pressure in the total system), or for subsystems (such as
energy of a subsystem) making up the total system. These macroscopic variables are stochastic
variables since they are not constant across the members of the ensemble. Let ay,as,...,a, be
the average values (over the members of the ensemble corresponding to N,V,E) of ay,as,...,a,
respectively. Let the fluctuations in the variable a; be «;, where

o, = a; — a; foriel,....n. 3.1

When the macroscopic variables of interest are equal to their averages, the entropy of the system
S(a1, g, ..., ) is at its maximum [64]. Therefore,

oS

80@-
a1=0,...,a,=0

=0. (3.2)

When the fluctuations are small, the entropy can be expanded by Taylor series as
1
S(Oél, ce ,Oén) - S(O, ce ,0) = AS = —— E Gij Q04 + h.o.t y (33)
2 I
where g;; are the elements of the matrix g such that

08

9ij = " dda,

(3.4)
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The probability of a fluctuation in which «; lies between «; and «o; + dey; is given by
1 AS
Pdaq,...,da, = —exp (—)dal,...,dan, 3.5)

where C' is the normalization constant such that the integration of the probability density function
yields unity [39]. Using (3.5), one can obtain the relation

(o) = kBgigl, (3.6)

where kp is the Boltzmann constant, gigl are the elements of the inverse of g and (-) denotes the
average over the ensemble corresponding to the isolated system in equilibrium.

At this stage, it is assumed that the decay of macroscopic variables, when they are perturbed
from their average values due to the external constraints (for example, heating), can be modeled
by linear transport laws of the form

G0~ a) = Y Mylo; - a). 67

where M;; are constants. For example, one such linear transport law is the Fourier’ law for heat
conduction. Now, when a fluctuation occurs, it has to decay to maintain equilibrium. It was
hypothesized by Onsager, as stated earlier, that this decay of fluctuations can also be modeled by
the same transport laws which are used to model the perturbations of the system due to external
constraints. Let oy (t), . . ., a,(t) be the fluctuations in a4, . . ., a,, respectively at time ¢. It is known
that certain section of the ensemble corresponding to the isolated system are consistent with this
fluctuation. Following the molecular dynamics (or trajectory) of each and every member of this
subsection of the ensemble, one can note the fluctuation at time ¢ + 7. Let the fluctuation in q; at
time ¢ + 7 given that the system had a set of fluctuations of (%), ..., a,(t) at time ¢ be denoted
by a;(t+ 1) ]al (), (t)” Following each and every member of this subsection of the ensemble, one

can calculate the average (over this subsection of the ensemble) of «a;(t + T)’ denoted

a1 (), (t)
by «;(t + T){al Dosct)” Using Onsager’ hypothesis for this average over the subsection of the
ensemble, the equation for the decay of the fluctuation occurring at time ¢ is written in a time-

difference sense as

Q7)o — ) = T Miay(t) . (3.8)
j=1

To be able to write linear laws (3.7) in the time-difference schemes, the time interval of observation
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7 should be such that

1
forall s, . 39
T<<Mij’ orall,j (3.9)
Multiplying both sides of (3.8) by a4 (t), taking averages over the whole ensemble and following
the derivations in [40, 75], it can be shown that

Mgt = [ (12 )0, 3.10)
j

where dy(s) is the time derivative with respect to the molecular time scale 7,,, which is smaller
than the observation time 7. The term (&;(0)du(s)) is called the time-correlation function, which
is obtained by taking the time dependent quantity ¢;(¢) at time ¢ = 0 and multiplying it by the
other time dependent quantity c(¢) at time ¢ = s, and then averaging the product over the entire
ensemble. Usually, these correlation functions decay in time and have a decay time 7., after which
they vanish. Assuming that the decay time 7. of the correlation function (¢;(0)cx(s)) is smaller
than the time interval 7, (3.10) can be reduced to

ks Y Mgy, = / (6;(0)d(s)) ds (3.11)
' 0
j
yielding the left hand side to be an integral over infinite time interval. Now, introducing the ther-
08
modynamic force X;(a) = o’ (3.8) can be written as
Q;
Oél(t + T)|Oél t) ----- an(t) — Oél (t) &
( . ) = > LX), (3.12)
j=1

where L;; = Z Mikg,;jl. Interpreting the time derivative on left hand side of (3.12) as flux J;,

k
(3.12) is of the form
Ji = > LiyX;, (3.13)
J

which is equivalent to the form of the transport laws (2.45) and (2.46) connecting the forces and
fluxes in the linear irreversible regime, with L;; being the transport coefficient. Thus, using (3.8)
and (3.11), the transport coefficient L;; relating the thermodynamic current J; and the thermody-
namic force X; can be obtained in terms of the correlation function as

1 (e.)

ks Jo
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famously known as the Green-Kubo relations. Here, it is very important to note that, in obtaining
the (3.14), it is crucial to find the time interval 7 such that

T L Te LK T K (3.15)

However, all the Green-Kubo relations derived above are for the case of discrete macroscopic
variables. In order to obtain the transport coefficient L, Lig and Lg, it is important to derive
the theory for continuous systems, i.e., systems where the macroscopic quantities are defined at
every macroscopic point x as described in Chapter 2. Using Onsager’ hypothesis and following
the derivations in [40], it can be shown that the phenomenological coefficient matrices for a binary
liquid mixture can be obtained in terms of the correlation functions as

V [e.@]

Ly = = (J1(t) ® J1(0)) dt (3.16)
B Jo
|7 e <

Lo = i ). (J1(t) @ Jo(0)) dt (3.17)
|7 e .

Log = i ). (Jo(t) ® Jo(0))dt, (3.18)

where J; (t) and J(t) are the instantaneous diffusive and heat flux vectors respectively in any
member of the ensemble. For solids, as there is no diffusion, there exists only one transport coef-

Lqoq
T2

ficient Lgg given by (3.18). As the objective of this thesis is to estimate using (3.18), one

needs expressions for the instantaneous heat flux vector J o(t) [32, 24].

3.2 Stress and Heat Flux from Molecular Dynamics Simula-
tions

In this section, the local forms of balance of mass, linear momentum and energy are obtained from
the principles of classical statistical mechanics, where the particles obey Newton’s laws of motion,
in the absence of heat sources, body forces or external interaction potentials. The stress tensor
and heat flux vector in terms of molecular variables are obtained from the derivations of balance
of linear momentum and the balance of energy respectively following the Irving and Kirkwood
procedure [32, 24].

Consider a system consisting of N atoms whose positions are denoted by ry,rs,...,ry and
momenta by pi, ps,...,Pn. The 6N-dimensional space of positions and momenta denoted by
I' = {(ri,pi), i = 1,2,..., N} is called the phase space. The instantaneous state of the system
may be represented by a point in the phase space. As mentioned earlier, there are many pos-
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sible microstates (choices of positions and momenta of atoms) consistent with few macroscopic
variables that govern the behavior of the system. Hence, there exists a phase-space distribution
function f (T, ¢) that denotes the probability of the system occupying a microstate I" at time t, such
that the distribution function is normalized to unity, i.e.,

/f(l“,t) dr = 1. (3.19)

Consider any subset {2 of the phase space. Then, fQ f(I',t)dI" gives the fraction of members of
the ensemble that are within 2. If one follows this set in time then the fraction of members within
this set should remain constant in time, as members are neither created nor destroyed. Therefore

d
&/Qf(I‘,t) = 0. (3.20)

Assuming that f(T', ¢) is continuous in I" and time ¢, using Reynolds transport theorem, (3.20) can
be reduced to
of (L, t) 0 0

g . 0 0
where T I = Z (3pi "pit or; ' rl) Since (2 is any arbitrary subset of the phase space,

localizing (3.21) to a point yields the Liouville equation for evaluating the phase space distribution
function as

OFTt) [0 o . 0 ey
iU ‘[a_r'”r'aﬂ F(T.1) = —iLf(T1) | (3.22)

where ¢L is called as f-Liouvillean operator. The solution of (3.22) is formally represented as

where f(I',0) is the initial phase space distribution consistent with the initial preparation of the

system [24]. It should be noted that if i I' =0, the phase space is incompressible. This is

equivalent to the concept of material incompressibility in continuum mechanics.

Consider a general phase variable G(I') = G(t). The time derivative of G is given by

Q) = {r-%} G(T) = iLG(T), (3.24)
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where iL is called as p-Liouvillean operator. The solution of (3.24) is formally represented as

G(t) = exp(iLt)G(0) . (3.25)

The ensemble average of G at time ¢, (G(t)), can be evaluated in two ways. First, one can choose
choose an initial configuration I' from the initial probability distribution and then evaluate the
phase variable G at time t by following the trajectory starting from I'. Finally, one can obtain
the average by multiplying this value with a weighing factor determined by the initial probability
distribution f(T",0), i.e.,

(G(t) = / G(t)f(T,0)dr . (3.26)

This is the Heisenberg picture and is equivalent to the Lagrangian formulation in continuum me-
chanics, where one follows the material point. Second, one can choose any particular point I' in the
phase space and evaluate the change in the probability function f(I',¢) at that point as a function
of time. Then, one can calculate the average by evaluating the phase variable at that point G(T")
and multiplying it with the probability function at time ¢, i.e.,

(G(t) = / G(T) (T, 1)dT . (3.27)

This is called the Schrodinger picture and is equivalent to the Eulerian formulation in continuum
mechanics, where one stays at a fixed point and monitors the particles coming in to the differential
volume around the fixed point. It can be proved that the averages calculated by Heisenberg and
Schrodinger representations are equivalent, see [24, Section 3.3]. A schematic of the Heisenberg
and Schrodinger representations is shown in Figure 3.1.

Using the properties of Liouvillean operators, the following identities can be established:

/ F(T,HILGT) T = — / G(T)iLf(T,t)dT, (3.28)

/ G(T) [exp(—iLot)g(I‘,O)} dr = / 4(T, 0) [exp (iLOt)G(I‘)] dr, (329

where the first identity is obtained using integration by parts and the second identity is the equiva-
lence of Heisenberg and Schrodinger representations, see [24, Chapter 3].

At this stage, the particles in the system are assumed to obey Newton’ laws of motion, i.e., the
rates of position and momentum of atom ¢ are given by

.
ri = —,

m; (3.30)
pi - FZ ;
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B(I'(0)) BT(®)
: () : :
- : ~
7 "aro AT
| — [ //
AT(0) %
(a) The Heisenberg picture. (b) The Schrodinger picture.

Figure 3.1: The Heisenberg-Schrodinger picture, from [24].

respectively, where F; is the interaction force on atom ¢ given by

0P
F, = — , 3.31
o, (3.3D
with ®(ry, 1o, ..., ry) being the total interaction potential of the system. The latter is of the general
form
1 1
(I)(I‘l, ro,... 7I'N) = 5 ZUQ(I'Z'NI'Z'Q) + 5 Z U3(I'1'1,I'Z'2, I'Z'S) + ...+
11,22 1 21,12,23 (332)
M Z uM(rilyriza"'ariM)a
IR CRIESY:
where M < N and up(r;,,Tsy, - .., T;,,) describes M-body interactions [49]. The total inter-
atomic force F; on atom ¢ is given by
od 1 1 1
F, = _3_1'1- =17 ZFW + 21 ZFiigig +...+ m | Z Fiio ins (3.33)
2 12,13 1255t M
0 . _ .
where Fj;, ;. = —8—u m(ri iy, ..., 1;,,) is the M-body force contribution on atom 4.
I‘,

7
To obtain the local forms of balances of mass, linear momentum and balance of energy from
the principles of classical statistical mechanics, a connection needs to be established between the
macroscopic and molecular variables. Firstly, the probability per unit volume of finding an atom ¢
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at the macroscopic point x is [ 6(x — r;) f(T', t) dT', and the contribution of mass of atom i to the
density at x is then given by [ m;d6(z — r;) f(T',t) dI" at time ¢. Therefore, the total mass density
at x due to the contribution from all molecules is given at time ¢ by

= /Zmia(x — 1) f(T,t)dr. (3.34)
Similarly, the linear momentum at x is given at time ¢ as
p(x,t)v /Z pid(x — ;) f(T,t)dr . (3.35)

In order to define the energy density from the molecular quantities, one needs to define the energy
E; of each atom . This is taken to be of the form

1 1
Ei_ 2m 'ZUQ rhr’bg gzuf}(ri)riz)rlﬁ)—}_ +M Z u]\/[(rivr’iza"'7ri1\1) .
—— " ig,i3 12,5000
kinetic N~ d
potential
(3.36)
based on the assumption that the energy from any K-body term ug(r;,,r;,,...,r;, ) is divided
equally among the atoms ¢1,%o,...,7x. For this choice of energy of each atom 7, the energy

density at x is given at time ¢ as
px; /Z le }5(X— r;) f(T,t)dl, (3.37)

assuming no external interaction potentials.
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3.2.1 Balance of Mass

Taking the partial time derivative of (3.34),
dp of(T,t)
5 = /Zmzé(x r;) Y dr
= / Zml r;)iLf(T,t)dl

(3.38)

where the second, third and fourth equalities follow from (3.22), (3.28) and (3.24), respectively.
Using (3.30), (3.35) and the property of the delta function

B B
8ri5(x —1) = —5 d(x 1) (3.39)

obtained by chain rule, equation (3.38) can be reduced to

9 _ _ /fI‘t ( ri)&

ot m;
-2 /Zp, x — 1) f(T, ) dT (3.40)
X
0
- _8_X : (pV) )

which is the local form of balance of mass given by (2.1). Hence, the microscopic definition of
mass density given by (3.34) exactly satisfies the balance of mass given by (2.1).
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3.2.2 Balance of Momentum

Following the same procedure as for the balance of mass, the partial time derivative on the left and
right hand sides of (3.35) yields

%(pv) _ / Zplﬁ(x—ri)w dr
= /sz r;) iLf(T,t)dl
:/th1L sz >dI‘
/fI‘t (x—rz)+pz(wh)]dr,

)

(3.41)

where the second, third and fourth equalities follow from (3.22), (3.28) and (3.24), respectively.
Now, using (3.30) and (3.39), equation (3.41) can be reduced to

Z® ’L
thv /fI‘tZF(S I‘—— /fI‘th Pi (x—r)dl', (3.42)

where the second term on the right hand side can be rewritten as

0 P; ® P; _ 9
&~/f(1“,t)2i: “Pisx—r)dr = - [ £
Sn(2 ) 2

Z—v>®<——v>5( )d]_“+(;ix (pv® V),

(3.43)
m;
upon using (3.34) and (3.35). Hence, equation (3.42) can be reduced to

0 0

E(pv)—l—a (pv @ V) /fI‘tZFcS

_X./f(r,t)zmi #i_v>®<%—v>5(x—ri)dI‘.

(3.44)
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The first term on the right hand side of (3.44) can be written in terms of the interaction potential ®
as

i i i2 m,zi (345)
+ =1 Z Fiiz...iM:| ;

using the definition of the interatomic force F; in (3.33). Assuming central forces, for any K-body
term in the M-body potential (3.32)

0 0 0
5 iuK(rl-,riQ,...,riK)—l—arhu;{(ri,rh,...,riK)+...+Eu;<(ri,ri2,...,ril() = 0. (3.46)

Now, any K-body force term on the right hand side of (3.45) can be written as

m Z (5(X—ri)Fn~2miK = _ﬁ[<K_l) Z 6(X—ri)8%uK(ri,ri2,...,r,-K)—i—

1482, i K 1,82,y K

(3.47)

Substituting (3.46) in the last term of the right hand side of (3.47) and rearranging terms, equation
(3.47) can be reduced to

! | Z (5(X r’)Fiiz...iK L‘ Z |:(K — 1)5()( — I'i) — 5(X — I'Z‘Q) .
(K - 1) IRTY iK K 1,825, K (3.48)
— 5(X — I'Z‘K>i| Fiig...iK .
Using the identity
0
d(x—1;) —6(x—1;) = T ox (Tiiybiiy ) (3.49)

where r;;, = r; — r;, and the bond function b;;, = b(x;r;,r;,) = fol d(x —r; + Ary,) dA, (3.48)
can be reduced to

K= Z O(x—1;)Fijy. i = _8%([ Z Fiig...iK®(riigbii2+--~+riiKbiiK)]~ (3.50)

4,82, K 1,82, T K
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The bond function b(x;r;,r;) can be interpreted as follows: if, in Figure 3.2, x is on the line
segment connecting r; and r; then b(x;r;, r;) = 1, otherwise, b(x;r;,r;) = 0. Using (3.50),

Figure 3.2: A schematic showing the positions of atoms, r; and r;, and the continuum point X to
depict the bond function.

equation (3.45) may be rewritten as

Z Fz(S(X - ri) = 8X |:2' Z Fmg ® rzngzzg + = 3‘ Z FZZQZ3 rzigbiig + riigbii3> + ...+

4,89 1,02,13

Z FllQ zM ruz bug Tt Yiipg biiM)] :

,,,,,

3.51)
Finally substituting (3.51) in (3.44), it can be shown that
. 0
pv = o [ (T + Ty)f(T,0) T, (3.52)
where D; D;
Ty = — Z-(—’— ) (—Z— )5 1), 3.53
K ;mmiV@)miv(xr) (3.53)
and
1 1
Ty = — [5 Z Fii, ® rii,bii, + 5 Z Fiivis ® (Tiipbiiy + Tiigbiiy) + ...+
1,19 1,12,13 (354)

E Fug zM rug bmg + ...+ riiM biiM>

.....

25



Chapter 3. Statistical Mechanics

It can be seen that (3.52), obtained from point function mass and momentum densities (3.34) and
(3.35), becomes identical in form to the local form of balance of mass (2.2) when body forces are
absent. However, to obtain the macroscopic balance of momentum, one needs to take appropriate
space averages. Comparing terms in (3.52) and (2.2), the point wise stress tensor may be defined
as

T? = /(TK +Ty)f(T,t)dT . (3.55)

Here, it can be seen that Tk consists of contributions only from velocities and is called as the
kinetic stress tensor. Moreover, it is always symmetric. On the other hand, Ty is due to the
forces between atoms and is called as the virial stress tensor. This is always symmetric if the
interatomic potential describing the interactions between the atoms follows the central force model
i.e., equation (3.46), which is almost always the case [1]. It is important to note that in the case
of gases, where the interaction forces are very weak, the contribution of the kinetic stress tensor
to the total stress tensor is more than the virial stress tensor. However, when interaction forces
become important as in the case of liquids and solids, the contribution from virial stress tensor is
significantly higher than the kinetic part.

3.2.3 Balance of Energy

In this subsection, point-wise definition of the heat flux vector is obtained. Taking the partial time
derivative on both sides of (3.37)

_ /ZE& v:) iLf(T, ¢)dT

_ / Fr. i Z Eid(x —x;)) T (3.56)
= [ bse-rar | f<r,t>ZEi(W-fi)] ar
:/fI‘tZE(S gar - . /fI‘tZErl r)dr).
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where the second, third and fourth equalities follow from (3.22), (3.28) and (3.24), respectively.
The first term on the right hand side of (3.56) can be written as

ZEié(X—rz‘) = Z [%'pi+%zu2(ri;ri2> +%Zu3(ri7ri27ri3) +...
i ¢ g '

‘ 12,13
1 .
+M Z UM(I'Z',I'iQ,...,I‘iM)}(S(X—ri)

1 o (3.57)

= 5 Z (252 - Fii, + Ua(rs, I‘iz))(s(x —r)+...+
1,12

1 Pi .
M Z (ME .FiiQ...i]\/j +UM<I"L7I'2277I‘ZM)>5(X_I.Z) ,

1502wyt M g

using the definition of F; (3.36) and equations of motion (3.30). Now, any K-body term in (3.57)
can be further simplified as

1 Pi i
ﬁ ) Z <KE . Fiiz-..i}( + UK(ri7 Ty, ... 7r’iK)>5(X — ri)
25225.uey 1K
1 Pi 1 oug pi Oug Pi
15125040y 1K 1,225y 1K
0
- auK ) p—K>5(X—ri)
. Di e (3.58)
el ' Z [E Py g (5(X —r;) —0(x — r’iz))+
2522 5-uey 1K

ot Pi Fiiy.ix (5(X —r;) —0(x— riK))]

7

P ] Pi
- T ox <F . Z [(riiniiz + o Ty biig) @ Figy iK] E) ’
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where the third equality is obtained using (3.49) and the definition of F;, ;.. Using (3.58) and
(3.54), the first term on the right hand side of (3.57) can be obtained as

. 0 1
Z Ezé(x - ri) - _& : (Z |:2' Zruzbuz ® Fug + 3| Z ruzbuz + rzz;bu;) ® F11213+

1 Pi
-t M Z (Tiinbisy + - - F Tiigebisy, ) @ Fiiz...iM] E)
19,0l K
0 1 1
= ok Z [5 Z Tiiy biiy @ Fiiy + 30 Z(riinii2 + Tiigbiig) © Fiigig + ...
1 Pi 9 T
+ M Z (Titgbiip + .o F Tiipebiiy,) ® Fm...w} <E - V) + I (TVV) .
19,0l K
(3.59)
Now, the second term on the right hand side of (3.56) can be written as
| Erd(x—r;)dl' = (T, ¢) E ——V 0(x —r;)dI’ 4 pev
(T, )Z p
:/th ——V)- ——V +Zu2+2u3
D; 2t (3.60)
+...+ Z UM} (#—V)é(x—ri)df—i—pev—T};V
12,835, M !

= /f(F,t) Ei<%—v)5(x—ri)dF+pev—T£v

)

EZ:(%— V) (v +Zu2+ZU3+ + > (3.61)

12,13 12,8350,
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Substituting (3.59) and (3.60) in (3.56), using (3.37) and the pointwise stress tensor definition,
equation (3.56) can be reduced to

= e 5 ([

. 1
EId(x —r;) + a1 ZriizbiiQ Q Fiip + ...

! Pi 3.62
o | Z (Tiiybiiy + -+ Tiigebiiy, ) @ Figy iy, <E — V)f(I‘, t) dl") (3.62)
12,0yl K
9, 0
= — . (TPTy) — = .J"
ox ( V> Ox Jao
where
~ 1
R DI L CEESER D DE S
Z ? (3.63)
1 P
+ Vil | Z (Tisybiiy + -+ T biiy, ) @ Fiiy ins <E — V)f(I‘, t)dr .
12,0yl K

It can be seen that (3.62) is identical in form to the balance of energy (2.3) in the absence of body
forces and external heat source. Again comparing terms in (3.62) and (2.3), the point-wise heat
flux vector is given by (3.63).

As mentioned earlier, in order to obtain the macroscopic balance of energy from (3.62) one
has to perform appropriate space averaging over a microscopically large though macroscopically
small domain, determined by the resolving power of one’s measuring instruments, [32]. Therefore,
averaging over a spatial domain of volume V and specializing to any one system in the ensemble,
the macroscopic instantaneous stress tensor and heat flux vectors can be obtained in terms of the
molecular variables from (3.55) and (3.63) as

- 1
T@t) = V/VTpdx

1 o) o Irl
= g milp —v) @ (o V)~ g [ L P e (3.64)

3o

1 1
30 D Fiinig @ (Tigy +1iig) + .+ il D Finin ® (Vi + o+ Taiy,)
102,00

1,02,83 12,
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and

- 1
Jot) = V/V.Jgdx

1 ) 1
= VZ EiI+§Zrii2®Fm+--- (3.65)
1 P
+ il Z (Tiiy + -+ Tiie) @ Figy_iy, <E - V) ,
19, K

respectively. The instantaneous heat flux vector thus obtained can be used with the Green-Kubo
relations (3.16) to obtain the heat transport coeffiecient L.
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Chapter 4

Molecular Dynamics Methods

In this chapter, a review of the existing molecular dynamics methods for evaluating the heat trans-
port coefficients, such as the direct method and the Green-Kubo method, is given and their advan-
tages and limitations are highlighted. Also, an introduction to the HNEMD method is given which
will be dealt in an elaborate manner in the subsequent chapters.

4.1 Direct Method

The direct method is a non-equilibrium molecular dynamics method and is analogous to the ex-
perimental measurement [67]. In this method, a known value of heat flux J is constantly driven
through the system, which is then left to evolve by Newton’s equations of motion (3.30) resulting
in a constant temperature gradient V1" when the system reaches steady-state. The value of ther-
mal conductivity  at a temperature 7" is then obtained by using Fourier’s law Jo = —kVT. A
detailed explanation and the application of the method is given in [67, 73].

The heat flux in the system is driven by the addition and removal of energy from the system at
two different locations. The energy is added or removed by appropriate scaling of the velocities
of atoms in the system. Figure 4.1 shows a schematic representation of the molecular dynamics
system used to compute the thermal conductivity. As shown in Figure 4.1, energy Ae is added by

z

rescaling the velocities of atoms at every time step in the slab of thickness w centered at z = I
L, )
and removed from the slab of same thickness w centered at z = 7 Applying the balance law of

L .
energy to the slab at z = _ZZ when the system reaches a steady state, it can be seen that

LAE . JQz — (_JQz)

wANAt w ’ “.1

where, Jg. is the heat flux in the z direction, A is the cross-sectional area of the MD system and
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Figure 4.1: Schematic representation of the molecular dynamics system in the direct method,
where L, is the total length of the system in the z-direction, from [67].

At denotes the time step in solving the equations of motion (3.30). In this way, a heat flux of

Ae
— 42
Jo: = SaAG 4.2)

is driven through the system. Here, the system is allowed to reach a steady state by solving
(3.30) and imposing periodic boundary conditions (PBCs) in all three directions. PBCs are usually
chosen to mimic the presence of an infinite bulk surrounding the N-particle model system in order
to obtain the bulk estimates. In the case of PBCs, all atoms that exit the system from one side enter
it again from the opposite side with the same momentum and forces, see, e.g.., [2, Section 1.5.2].
To determine the temperature as a function of z, the system is divided into small blocks along the
z-axis. The temperature at z is then defined in terms of the kinetic energies of the atoms in the
block centered at z using the equipartition theorem [64, Section 6.5] as

T(z) = < 3 %> = (Ty(2)) . (4.3)
i € block

where the summation is on the atoms in the block, (-) denotes the ensemble average corresponding
to the steady state phase space distribution, kp is the Boltzmann’s constant and NNV, is the number
of atoms in the block. Furthermore, assuming the system to be ergodic, the ensemble average in
(4.3) is evaluated as a time average of the kinetic energy once the steady state is reached, i.e.,

to+Y
(Th(z)) = lim — / Ty (t) dt, 4.4)
to

Y —oo

where T}, (z) = T.(t). Using (4.4), a typical temperature profile for the case of silicon modeled by
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the Stillinger-Weber potential at S00K is shown in Figure 4.2 [67]. A linear fit can be applied to the

4x4x288 Si
T=500K

Temperature (K)

| | |
0 20 40 60 80 100 120 140
z (nm)

Figure 4.2: Temperature profile along the length of a unit cell silicon system consisting of 4 X 4 X
288 unit cells at an average temperature of T' = 500K, from [67].

temperature profile as shown in Figure 4.3 to estimate the temperature gradient. The temperature
gradient thus obtained and the heat flux given by (4.2) can be used along with Fourier’s law to
obtain an estimate of the thermal conductivity. However, it is important to understand the behavior
of the simulated system for various values of Ae, as one needs to identify a range of Ae where
the heat flux and the temperature gradient are directly proportional to each other, or equivalently,
the thermal conductivity obtained should be independent of Ae. Figure 4.4 shows the effect of
the magnitude Ae of the energy difference on the thermal conductivity. Furthermore, using this
method, it can be seen that the thermal conductivity attained is dependent on the length of the
simulated system, as shown in Figure 4.5. To obtain meaningful values that may be compared
with experiments, it is necessary to perform several simulations of increasing lengths and then
extrapolate to the infinite-size limit. The thermal conductivity at infinite length ., may then be
obtained from linear extrapolation using

1 1 o
1 a 45
WL re I .5

where k(L) is the thermal conductivity obtained corresponding to a length L, and « is a length-
independent coefficient.
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Figure 4.3: Linear fit to a temperature profile along the length of a silicon molecular dynamics
system consisting of 4 X 4 x 288 unit cells at an average temperature of T' = 500K, from [67].

The preceding direct method has many disadvantages. First, it is only capable of obtaining the
thermal conductivity component along the direction of the induced flux. Second, the temperature

K
gradients in this method are found to be on the order of 10°—, as seen in Figure 4.3, and therefore

the validity of Fourier’s law becomes questionable. Since th?gradients are large, it is very difficult
to identify the temperature at which the thermal conductivity is obtained. Third, the length of the
system in the direction along which the thermal conductivity is estimated needs to be much larger
than the mean-free path of the phonons in order to avoid scattering of phonons with the heat source
(+Ae) and sink (—Ae) [67]. In the case of silicon at 500K, where the phonon mean-free path is
around 100 nm, the number of atoms in the system need to be on the order of 3 x 10° to avoid
the size effects, hence making the simulation computationally costly in spite of imposing periodic
boundary conditions. Fourth, the computational cost also increases since the direct method de-
pends on identifying a range where the thermal conductivity is independent of Ae, as shown in
Figure 4.4.

34



Chapter 4. Molecular Dynamics Methods
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Figure 4.4: Thermal conductivity dependence on the rescaling energy Ae of a silicon system
consisting of 4 x 4 x 96 unit cells at an average temperature of T' = 500K, from [67]. It can be
seen that the heat-flux is directly proportionately to the temperature gradient following Fourier’s
law.

4.2 Green-Kubo Method

The method of Green-Kubo is the second most commonly used method to obtain the heat trans-

L
port coefficient % [70, 67]. In this method, a molecular dynamics system is allowed to reach

equilibrium at a certain temperature 7' and volume V' by imposing periodic boundary conditions
in all three directions. Once the system reaches equilibrium, the average heat flux in the system
is zero. However, there exist fluctuations of the heat flux vector whose instantaneous values J o(t)
are continuously noted. Using these instantaneous heat flux values, the heat flux autocorrelation
function is obtained as a function of time by

~ ~ tO+Y ~ ~
Cio(7) = (Jo(1) ®Jg(0)) = lim ?/t Jo(m+s) ®Jg(s)ds, (4.6)

where the second equality is obtained by appealing to the ergodic hypothesis. The autocorrelation
function is used in the Green-Kubo formula (3.18) to obtain the heat transport coefficient tensor

L ) . ) ) )
%. As mentioned earlier, in the case of solids, this heat transport coefficient reduces to the ther-

mal conductivity k. Figure 4.6 shows the normalized heat flux autocorrelation function of silicon
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Figure 4.5: Thermal conductivity dependence on the length L. of the system in the z-direction for
silicon and diamond, from [67].

at 1000K, modeled by Stillinger-Weber interatomic potential. It can be seen that the autocorrela-
tion function decays abruptly for shorter times followed by a long tail. It is this long tail of the
autocorrelation function that contributes significantly to the thermal conductivity tensor, especially
in the case of solids. Figure 4.7 shows the integration of autocorrelation function yielding the
thermal conductivity as a function of time.

There are two main advantages in using the Green-Kubo method. First, thermal conductivity
converges quickly with the system size which is on the order of 2000 atoms for the case of silicon
at 1000k, as shown in Table 4.1. Second, running a single simulation yields all the components of
thermal conductivity tensor « unlike the direct method. However, the most important shortcoming
of the Green-Kubo method is the convergence of autocorrelation function with the simulation time
for a particular system size. As mentioned earlier, in the Green-Kubo approach, the heat transport
coefficient is obtained by integration of the corresponding auto-correlation function (4.6). Hence,
the result directly depends on the accuracy of the auto-correlation function. For a finite simulation
time 75/, using ergodic hypothesis (4.6), the estimate Cj, (7) of the autocorrelation function Cy,, (7)

is given by
1 ™™

Cio(t) = — Jo(s) @ Jg(s +7)ds (4.7)

™ Jo

Assuming that the process J () follows Gaussian statistics, the variance in the estimate of Cy,,
can be calculated theoretically for the following two cases: (i) 7 — 0, i.e., at short correlation
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Figure 4.6: Normalized heat flux autocorrelation for silicon at T' = 1000K, from [67]. (a)
Normalized correlation function at short correlation times (b) Normalized correlation function at

all times.

times, and (ii) 7 — 00, i.e., at long correlation times [2]. For 7 — 0,

(Cig(7)?) = (Cao(7))? 7
o2 e @8
where T, is given by
/ <CJQ(S)>2 ds
0 4.9)

T Gy, (0))2

which again depends on the decay of the auto-correlation function. For 7 — oo, the variance in
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Figure 4.7: Thermal conductivity estimation as a function of time by the integration of heat flux
autocorrelation function of silicon at T' = 1000K, from [67].

the estimate of Cj,, (7) is shown to be

(Cao(7)?) = Cag()* _ 7o

4.10
(C1,(0))2 e (10

see [2]. Here, it is important to mention that (4.8) and (4.10) are obtained by assuming that the
total simulation time 7, is much longer than the characterisitic decay time of the fluctuations
of J¢ and also that equal number of samples are used to obtain the estimates of Cy, (7) at both
shorter and longer correlation times. From (4.8) and (4.10), it can be seen that the variance in
Cy o (7) relative to the zero time correlation changes very small when one goes from shorter times
to longer times. The values of Cy,(7) may not be reliable when they are of the order of their
variances. For example, in the case of Silicon at 1000K where the decay of the normalized heat
flux autocorrelation function is shown in Figure 4.6, the value of 7. is approximately 0.4ps. If
one assumes the total simulation time to be 30 million time steps of 0.5 fs each, then the relative
standard deviation of Cy(7) for short times is approximately 0.03 using (4.8) and for long times is
0.015 using (4.10). Hence, all the values of Cy o (7) for correlation times greater than 25ps may not
be reliable and when integrated these correspond to 15 — 20% of the total thermal conductivity.
One way to reduce these errors is to continue the simulation for a long time thereby making the
Green-Kubo method computationally costly.
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Size (unit cells) | Number of atoms | k (W/mK)
4x4x4 512 22
5xXHxH 1000 82
6x6x6 1728 66
8 X 8x%X8 4096 62

Table 4.1: Comparison of thermal conductivity (k) of silicon at T' = 1000K obtained by the GK
method for different system sizes, from [67]. It can be seen that the thermal conductivity converges
for a system size of 6 X 6 X 6 unit cells.

4.3 HNEMD Method

In addition to the two methods described above, there exists another method known as the HNEMD
method initially proposed by Evans which forms the main contribution of this thesis [24, 21, 46, 45,
47]. The HNEMD method of Evans defines a mechanical analogue to the thermal transport process
and uses the linear response theory to calculate the transport coefficients. This method is synthetic,
in the sense that a fictitious force field is used to mimic the effect of a thermal gradient, thereby
reducing the thermal transport problem to a mechanical problem. Using the linear response theory
[24, 45], the long-time ensemble average of the heat flux vector for the resulting non-equilibrium
system can be shown to be proportional to the external force field (when the latter is sufficiently
small), with the constant of proportionality being the Green-Kubo formula for the heat transport
coefficient tensor. In this way, one can obtain the heat transport coefficient tensor without explicitly
calculating the autocorrelation functions. Hence, one can circumvent the problems related to the
calculation and integration of autocorrelation functions.

In the following sections, the linear response theory required for the HNEMD method is de-
veloped and then applied to single or multicomponent systems modeled by pair potentials. Subse-
quently, the method is extended to three-body potentials and many-body potentials [21, 46, 45, 47].
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Linear Response Theory

In many problems, one needs to calculate the heat transport coefficient tensor at a particular tem-
perature. This corresponds to the situation where the governing set of macroscopic variables are
the number of particles N, volume V' and temperature 7'. The ensemble and the probability dis-
tribution corresponding to this governing set are called the canonical ensemble and the canonical
phase space distribution. The dynamics of particles evolving using Newtons laws given by (3.30)
correspond to a constant energy and hence cannot reproduce the canonical phase space distribution
function. Therefore, one needs to model the dynamics of particles such that the canonical distri-
bution at a particular temperature is reproduced. In this chapter, the equations of motion required
to maintain constant temperature are presented [56, 30]. These are called the Nosé-Hoover (NH)
thermostatted equations of motion. These are then used to derive the extended canonical phase-
space distribution function. Next, the Nose-Hoover thermostatted equations of motion perturbed

by an external field are considered to derive the linear response theory necessary for the application
of the HNEMD method [45, 24].

5.1 Nosé-Hoover Thermostat

In problems related to canonical ensemble (N, V., T)), it is important that the equations of motion
used to model the system preserve the canonical phase space distribution

e—BHo(T)

f(F):W>

(5.1)
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1
where H is the total energy, Z(5) = [ e PHo() 4T is the partition function, 5 = —— [64]. Here,

kT
the total energy of the N-body system is given by
N p . p
HO = . . +®(I‘1,I'2,...,I'N) s (52)
= 2
where ®(ry,ro, ..., ry) is the inter-atomic potential given by (3.32).

Thermostatted equations of motion corresponding to this canonical ensemble were given ini-
tially by Nosé [56] and later amended by Hoover [30] in to the form

. Db
r = —,
m
pi = F,—(pi, (5.3)

N
: 1 | ST 87
= — —3NkgT ) .
¢ Q(z Py )

Here, ( is the thermodynamic friction coefficient and () is an arbitrary parameter chosen to yield
the canonical phase space distribution. The equations follow the integral feedback mechanism
to generate the canonical distribution and are referred to as Nosé-Hoover equations of motion.
Taking into account (3.22), the distribution function f (T, (,t) corresponding to (5.3) is given by
the Liouville equation

af(I‘,t)__i‘. L0 0D
5 {81“ L+T 8F+Ca§+ac]f(I‘,t), (5.4)
which can be rewritten as
afr,t) [0 - 0.
at {a]_‘ '+ 3¢ ]f(l“,t)- (5.5)

Now, using the NH equations of motion (5.3), the term on the right hand side of (5.5) can be
evaluated as

o . 0. X9 N9 d .
— T+ =2( = — . p S T
ar o ;01'1- 1”*l;api pit 5¢6 (5.6)
= 3N(,
thereby reducing (5.5) to
df(T',t)
= 3NC(. .
7 3N¢ (5.7)
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1
Taking the time derivative of Hy + §QC 2, it follows that

d Loy pi ' D 8(1)‘.4 :
E(Ho+§QC) = Z( o +0ri I‘z)‘i‘QCC (5.8)

i

= —3NCksT,

where use is made of the equations of motion (5.3) and the definition of (3.33) interatomic force
F; on atom 7. Therefore, using (5.8) and (5.7), a differential equation can be obtained for the phase
space distribution in the form

1dfT,)  d

L = a5 i+ 500 59

whose solution yields f(T", (, t) to be the extended canonical distribution given by

B (Hom)+10¢?)
f(T,¢t) = fo(T,¢) = - :
f G—B(Ho(l")+§QC2) dr d¢

(5.10)

Hence, the NH equations of motion (5.3) produces the desired canonical distribution accurately.

5.2 Isothermal Linear Response Theory for HNEMD Method

The general form of the equations of motion in the linear response theory is obtained by a pertur-
bative external field F. in the presence of a Nosé-Hoover (NH) thermostat thus leading to

#, = 2L Cy(D)F.,
m.

)

p; = F; +Dy(I")F. — (p;,
. 1/ p; - pi

= — L 2 _3NkgT
C Q(; m; B )7

where C;(I") and D, (T") are the second-order tensor phase variables which describe the coupling of
the system to the applied external field F'. [23]. It can be seen that when F. = 0, the phase-space
distribution f (T, {, t) becomes the (extended) canonical distribution f, given by (5.10). Assuming
that the external field F, is applied at time ¢ = 0, the perturbed distribution f(T", {, t) corresponding

(5.11)

42



Chapter 5. Linear Response Theory

to field dependent equations of motion (5.11) is obtained by solving the Liouville equation

of(r,¢t) [0 o . & .9 9.
ot B a_r'r+r'a_r+ca_§+a_< J(LG1) (5.12)
= _sz(]-_‘a Ca t) )

with initial condition f(T",(,0) = f.(T", (). Here, iL represents the f-Liouvillean operator corre-
sponding to (5.11). Assuming the external field F'. to be small enough and independent of time,
the Liouvillean iL° and the perturbed distribution function f(T", (, ¢) may be approximated by

iL = iLy+iAL(L)
fI,¢t) = fo(T,Q) + Af(T, (1),

where iAL(t) and Af(T',(,t) are linear perturbations to the field-free Liouvillean iL, and the
extended canonical distribution f.(T', {), respectively, due to the presence of the external field F..
Here, 7L, corresponds to the field-free equations of motion, i.e., equation (5.11) with F, = 0,

(5.13)

while f. satisfies % f = —iLyf. Using the approximation (5.13), the Liouville equation (5.12) can
be linearized as P

while satisfying an initial condition Af(I',{,0) = 0. The solution Af(T",(,t) of the linearized
Liouville equation (5.14) can be obtained formally as

Af(T,(,t) = —/t exp(—iLo(t — s))iAL(s) f(T,¢)ds, | (5.15)
0

where iAL(s) f.(T, () = iL(s) fe(T', () — iLo f(T', ¢). The validity of the solution can be verified
by the following two steps: (i) substituting ¢ = 0 and observing that A f(I",(,0) = 0 thereby
satisfying the initial condition and (ii) substituting (5.15) in (5.14) and observing that it satisfies

43



Chapter 5. Linear Response Theory

the linearized Liouville equation for all times [24]. Hence,

iAL(s) fo(T, ¢) = iL(s) fo(T, ()

8 6
= T+I- .
: }
= ) Fe|f(T,¢
L1 Or; - (L,<) (5.16)
N D, N
- Dz’T_Z CzTFz ' Fe c r
NI SCRA RSN
= v |Br) - 30| - Pu(r0).
where N
1 0
— DT 1
- (; . ) : (5.17)
and
p% T
D,” C"F; | . 5.18
(Zl o~ ;‘ ) (5.18)
It should be noted that when B = 0 and no thermostatting mechanism exists, i.e., ¢ = 0 in
5.11), — 8 = 0 and hence the phase space becomes incompressible, as mentioned in Chapter 3.

Therefore, the condition B = 0 is called as the adiabatic incompressibility of phase space AIT,
and B is known as the phase space compression factor, see [24, Chapter 5] . The variable J
is defined as the “dissipative” flux, as it can be seen in [24, Section 5.1] that in the absence of
thermostatting mechanism, the rate of change of internal energy H, is given by Hy = —3J - F...

Let G(I'(t)) = G(t) be a general phase variable. Then, the ensemble average of G evolving
with (5.11) in the Schrodinger representation is given by

/G I, ¢ t)dl'd¢, (5.19)

where f (T, (,t) is the perturbed phase-space distribution function obtained by solving (5.12). Us-
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ing (5.13), (5.15) and (5.16), the ensemble average of é(t) is reduced to

(G(t)) = /G f(T, ¢, t)drdce

= >c+
BV /0 ( / G(T) [exp (= iLo(t =) ([F(T) = BID)] - F.) £u(T, <>] dr dc> ds
(5.20)
The inner integral on the right-hand side of (5.20) can be written as
[ )| exp( ~ itate - ) (j30) - B - R 0, 0) [ arac -
(5.21)

/ ([J(F) - B(I')] -Fe)fc(r, ¢) {exp (iLo(t — s))G(r)] dr d¢

by virtue of the identity (3.29) in Chapter 3, where il is the phase-variable p-Liouvillean of the
field-free equations of motion, i.e., equations (5.11) with F, = 0. Also, g(T",0) in (3.29) is chosen
to be equal to [J(T') = B(T)] - F.f(T', ¢). In equation (5.21), exp (iLo(t — s)) G(T') is the value of
G at time ¢ — s starting with an initial value I' chosen from [J(I') —=B(T")| -F. f.(T', ¢). Introducing
the notation exp (iLo(t — 5))G(T) = G((¢ — s)o; T'), where the subscript ‘0 in (¢ — s), indicates
that the propagation is by field-free equations of motion, (5.21) can be rewritten as

e {exp( —iLo(t — ) ([J<r> - B(D)] F.) (T )| ar g

JGL T)] - Fo) fu(T, QG((t — 5)o; T) AT d¢
(5.22)
= (G t—s)o;T ®[j(o;r)—E(o;r)]>Fefc(r,g)drdg

where ‘®’ denotes tensor product and <G((t —5)o)® [j (0) — B(O)} is the correlation function
of G and J — B with respect to the extended canonical distribution (5. lc()). Substituting (5.22) into
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(5.20), the ensemble average of G(t) with respect to (5.11) becomes
@) = (GO +v [ ((Gle-s e [10-B0)]) )r.
= @op+ov [ ({&w e [30-B0] ) ).,

t
It is noted that, since / <<G((s)0) ® [j(()) - B(O)}> ) in (5.23) is independent of F., the
0 c

ensemble average (G(t)) corresponding to (5.11) is linearly dependent on the applied external
field F., as expected from the linear response theory. Now, the long-time ensemble average of

G (t) can be obtained as

(@loe) = AV [ (<é<<s>o> @ [10) - Bo)] >) F,. (524

Choosing the phase variable G to be the heat flux vector (3.65), the long time average of the
heat flux vector under the perturbed equations of motion is

ofe)) = v [ ((Jaltm @ [10) - BO] ) F.. (529

Also, choosing the tensors C; and D; in (5.11) to be such that vector the J — B is equal to the heat
flux vector J¢, then (5.25) can be reduced to

dolo) _ (V[ ~
— = | — J Jo(0 F. . 5.26
- T2 ), o((5)o) ® J(0) c (5.26)
J
Thus, in the linear non-equilibrium steady state, <Q;—0®> is proportional to the external field F.

with the constant of proportionality being the Green-Kubo expression for the transport coefficient
Loo Loo
T2 T2

given by (3.18). In other words, the transport coefficient tensor
Ja(0))
T

function directly from an equilibrium simulation as in the Green-Kubo method.
To summarize, three conditions need to be satisfied by the equations of motion (5.11), and

L
hence C; and D,, to apply them for the evaluation of the transport coefficient % using the

2
HNEMD method. These are (i) equivalency of fluxes,

can be calculated by

using (5.11) and tracking the response of to F'. rather than calculating the autocorrelation

J-B = Jo, (5.27)
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(i1) preservation of zero total momentum,

N
> pi=0, (5.28)
i=1

and (iii) compatibility with periodic boundary conditions so as to take advantage of quick conver-
gence with respect to system size, as in the Green-Kubo method. It should be mentioned here that
the condition given by (5.27) can also be imposed by constructing C; and D; so that B = 0 and
J = Jg. As a consequence of this alternative construction, the equations of motion (5.11) satisfy
the condition of adiabatic incompressibility of phase space ATI', as mentioned earlier. The second
condition is applied to simplify the calculation of heat flux and the equivalency of fluxes (5.27)
and is discussed in the following chapter. In this case, the macroscopic momentum in the heat flux
vector (3.65) becomes zero and the instantaneous heat flux vector is of the form

~ 1 1 1
JQ(t) = V Z |:E111I + 5 Z Tiviy @ Figiy + a Z[riﬂé + I'1'12‘3] ®Q Fijigis + - - -
" e (5.29)

1 Pi
Z [riliz + Tiig +...t riﬂM] ® Fi1i2-~~in41 #

+ R
M! = i
12,000

One of the main contributions in this work is to design C; and D, systematically so that (5.11)

can be employed to obtain the heat transport coefficient materials % for single or multi-species

system modeled by complex many-body potentials. The systematic selection of C; and D; is
presented in the following chapter.
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Chapter 6

An Extended HNEMD Method for Single
Species Systems

In this chapter, the expressions for the tensor variables C; and D; in the equations of motion (5.11)
consistent with the linear response theory of Chapter 5 are given for systems consisting of single
species and modeled by pair, three-body and many-body potentials. The expressions for C; and D;
were initially given by Evans [21] for systems modeled by pair potentials (for example, Argon),
however, in an ad-hoc manner. Here, a systematic procedure is outlined to construct C; and D, for
three-body to multi-body potentials by observing the physical similarities of the quantities in the
stress tensor and heat flux vector to the expressions for C; and D; already given in the case of pair
potentials. Finally, the HNEMD method is applied to argon and silicon systems by incorporating
the algorithm into a software called “Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS)” [60].

6.1 Pair Potentials

For single species systems modeled by pair potentials, the total energy H, of the molecular system
is obtained from (5.2) and (3.36) by putting M = 2, and takes the form
N

pi-pi 1
HO = +52U2(I‘Z,I'J) . (61)
2¥)

2m

i=1

Here, m is the mass of the atom corresponding to the single species. The heat flux vector in the
state of zero total momentum is obtained from (3.65) as

Jolt) = 3

]

b (6.2)
m

1
EzI + 5 Zrij & Fz’j
J
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The choice of C; and D, for such systems as given by Evans [24, 21] are

CF, =0,
Dz‘Fe - (Ez_E)I+_ZFz®rz ZFk®rk Fe (63)
B : j IT 9N — J j
J»
It can be seen that
> DF. =0, (6.4)

from (6.3), and hence » _p; = —C Y _p; from (5.11) and (6.4). This implies that, if the initial

total momentum is zeroj which is us&ally the case in molecular dynamics simulations, the total
momentum is zero at subsequent times. Therefore, the choice of C; and D; given by (6.3) satisfies
the condition of preservation of zero total momentum (5.28). It can also be seen that (6.3) are
compatible with PBCs, as atoms that leave the system from one side can enter from the opposite
side with the same momentum and forces. Also, the phase space compression factor is given by

B - L ia-CTnLia-DT
L i=1 or; i=1 opi ')
Lo AR
BV \ = m N 7
0,

(6.5)

hence satisfyies the condition of adiabatic incompressibility of phase space AII'. The dissipative
flux

g - 1 NDTpi NCTF

=1
1 1 P = 1 o (6.6)

:JQ’

where the third equality in (6.6) is obtained by using the preservation of total momentum condition,
and hence J — B = Jg. Therefore, all the three conditions, (5.27), (5.28) and compatibility with
PBCs, described at the end of Section 5.2 are satisfied by (6.3) making them an ideal choice to
apply the HNEMD method for systems modeled by pair potentials. A scalar heat conduction
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coefficient  is estimated by setting F. = (0,0, F..). In this case, (5.26) reduces to

VT VikpT?

/0 OO<jQZ((s)0)jQZ(0))C ds> F.., = kF.,. 6.7)

The equations of motion (5.11) with the NH thermostat are integrated by the operator split
method, as described in Appendix A. The following three methods are considered to deduce the
thermal conductivity from estimates of (.Jg.(00)) corresponding to a set of force fields { £, ;, j =
1,...,n}:

1. Linear extrapolation: This is the approach used in [21], where a least squares fit of the

 (Jg=j())

function k + mF,, to k; = VTE vs. [, ; is extrapolated to F,, = 0 to determine
6Z7j

2 n
.. ) ) . o )
a value for the thermal conductivity x. The variance in the intercept 02 = A E F,.jis
j=1

n

. . 1 .
used to estimate the error, with 0% = p— Z (k; — k —mF,.;)° being the fit error and
j=1

A=n Z (FEZ,J)2 — (Z Fez,j)2 and n being the number of samples, see [6].
j=1

j=1

(Jgz,i(c0))

. o . . TV

vs. F,, ; in (6.7) is identified as the thermal conductivity. A zero intercept, i.e., Fhm0 Jg. =
ez_>

2. Gradient: In this method, the slope of a least squares fit of the function K F, to

2
0, is assumed. The error in the slope is estimated via ag = —n where, again, o2 is the fit

A

error and A is the variance of I, ;, see [6].

n

3. Mean: Here, the conductivity is taken to be the average over x;, namely k = — Z kj, and
n

J=1
n

Z (k; — k)%, see [6].

Jj=1

. . 1 1
the error is estimated by 02 = —
nn—1

The HNEMD algorithm is incorporated into a software called LAMMPS. LAMMPS is a paral-
lelizable molecular dynamics software which has all the basic subroutines, such as finding neigh-
bor lists, time stepping, force calculation, efc., that are needed for running a molecular dynamics
simulation. The HNEMD algorithm is written as a separate subroutine and is then integrated with
LAMMPS.
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6.1.1 Argon using the Lennard-Jones Potential

As an initial test, the algorithm is applied to an argon system at its triple point (86.5 K, 5.719 A)
using a Lennard-Jones (LJ) pair potential with 256 atoms in an FCC lattice and a time step-size of
4.0 fs for about 10° time steps. Lennard-Jones is a pair potential, where the two-body term u; in
(3.32) is of the form

P g 12
S ILATAN 63
ualro xs) 53[ i) \nj ©9
where 7;; = ||r; — rj|| is the distance between atoms 7 and j, ¢;; is the depth of the potential

energy well, o;; is the distance at which the interaction potential between two particles is zero.
The parameters ;; and o;; depend on the type of atoms i and j. For argon, ¢;; = 1.6539 x 1072 .J
and o,;; = 3.405 A [65], and the cut-off distance for the potential is . = 13 A. Figure 6.1 shows
the variation of x; with the external field F.. ;. It is observed that there exists a finite range
0.04 A1 < F., < 0.1 A~1, in which k; is essentially independent of F,.. Outside this range, there
is strong dependence of x; on F,, and the linear response theory is not applicable. The thermal
conductivity obtained by the extrapolation method using the estimates in the range of validity of
the linear response theory is found to be 0.126 + 0.001 W/mK, where the experimental result
is 0.126 W/mK. The results in Table 6.1 show that this method can also be applied to calculate
the thermal conductivity at different temperatures and volumetric deformations yielding results
comparable to those obtained using the Green-Kubo method, see, e.g., [33].

0.2
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0.14
0.12

0.1
0.08
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0.02

0

K [W/mK]

0 05 1 15 2 25 3 35 4
Fey [10%/m]

Figure 6.1: Variation of thermal conductivity k(F.,) with F,, for argon at its triple point. The
intercept at F,, = 0 is the estimate of the true thermal conductivity k. Note that the errors in the
estimates for smaller F,, are small enough to make the error bars indistinguishable.
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Interatomic distance (A) | Temperature (K) | HNEMD x (W/mK) | GK x (W/mK)
5.376 10 1.97 1.91
5.376 20 0.86 0.95
5.376 30 0.60 0.63
5.376 50 0.37 0.39
5.719 86.5 0.13 0.13

Table 6.1: Comparison of thermal conductivity (k) of argon at triple point obtained by the
HNEMD and GK methods at different temperatures and fictitious volumetric deformations

6.2 Three-body Potentials

As mentioned earlier, the expressions for C; and D; have not been obtained systematically for
systems until now modeled by pair potentials. Hence, it becomes difficult to construct C; and D;
for higher-order potentials. In this section, similarities between the heat flux vector Jg given by
(3.65), stress tensor T given by (3.64), and C; and D, for pair potentials are carefully observed so
as to be able to construct C; and D; that satisfy the three conditions of the linear response theory
for systems modeled by three-body potentials.

The choice of C; and D; for pair potentials (6.3) can be rewritten as

CF. =0,

1 - 1 (6.9)
D,F. = (EiI + 3 Z Fi;® rz‘j>Fe - (EI ~oN Zk Fjir ® rjk) F..
J J»

The term (E; — E)F, in (6.9) implies that a heat current is induced by driving the particles with
energy I; greater (respectively, smaller) than the average energy E in the direction (respectively,

1
against the direction) of the external field F.. The term 3 Z(F” ® r;;)F. implies that the heat

current is also driven based on the deviation of the virial parjt of the stress tensor of atom ¢ (3.54)
from the average stress. It can also be observed that the tensor D; coupled to the external field
F. also appears in the heat flux vector given by (6.2) which also says that heat flux is driven
in a general system based on the energy and virial stress tensor of individual atom :. With the
observations in place, one may write the expressions for C; and D, for systems modeled using
three-body potentials by incorporating the three body terms corresponding to energy F; and virial
stress Ty in D;. Specifically, the expressions for C; and D; for the case of three-body potentials
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take the form

CiFe = O,

1 1
D,F. = (E,LI—F— F,,®r;+ = sz@[rz+rzk])Fe
22 e 312 e (6.10)

<EI_ IN ZFWX’ LTI 3!]\7 Y Fu®ry +rlk])F

0,4,k

Again, it can be seen that Z D,F. = 0 from (6.10) and hence Z pi = —(C Z p;. If the total

initial momentum is zero, tile total momentum is zero for all sul;sequent timezs. Hence, (6.10)
satisfies the preservation of total momentum condition (5.28). It should be noted here that the
averages in (6.10) need to be subtracted in order to satisfy the condition of zero total momentum.
It can also be seen that (6.10) are compatible with periodic boundary conditions, as atoms that
leave the system from one side can enter it again from the opposite side with the same momentum
and forces. Finally, for this choice of C; and D, for the three-body potentials, it follows from
(5.17) that

B=0. (6.11)

Therefore, the condition of adiabatic incompressibility of phase space AII is satisfied. Also, the
dissipative flux J can be obtained using (6.10) as

N

J:%(Z ZCTF>

= VZ(EI+ ZrU®Fm+3,ZrU+rm mk>z

i (6.12)

1/ 1 1 Pi
(e PILENS TOBLES Fin) (ZE)

1:7j7k
= JQ ,

where the third equality is obtained by using the condition of zero total momentum (5.28). Hence,
J — B = J( and therefore all the three conditions imposed in Chapter 5 are satisfied. The linear
response theory then implies that the long-time ensemble average of heat-flux vector J under the
application of the external field F. is given by (5.26) and the constant of proportionality which is

the thermal conductivity tensor x (equivalent to % for systems consisting of single species) is

(Jo(o0))

F..
T on

obtained by tracking the (linear) dependence of
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6.2.1 Silicon using the Stillinger-Weber Potential

As a test case, the HNEMD algorithm developed for three-body potentials is applied to bulk silicon
(diamond crystal structure) modeled by Stillinger-Weber (SW) potential [68] consisting of both
two-body and three-body terms since it is widely accepted that elastic constants, phonon dispersion
curves and thermal expansion coefficients can be accurately modeled using this potential, see, e.g.,
[37,7, 13, 34]. The two-body and three-body terms in the SW potential are of the form

/”". .
Uus(r;, 1) = €fs <£> )
r; r; rj
u3(ri7 Ty, rk) = €f3 <_Z7 _j7 _) )
respectively. Here, the functions f5 and f3 are given by

() - [T G ) (=) ] w ()<

0 for (Tﬁ> >a
g

(6.13)

and

g o

respectively, where

—1 -1 2
Tig Tik o ) _ Tij\ _ Tik\ _ o1
h(a, U,Qﬂk) = Aexp [7((0) a) —l—v(((j) a) }COS (9]2k+3) , (6.16)

and 0;;, is the angle between r; and r;, subtended at r; [68]. The parameter set in the SW potential
for silicon is given by

A =17.049,B = 0.602,
p=4,qg=0,a =180,

= 21.0,y = 1.20,

= 0.209 nm ,¢ = 50 kcal/mol ,

>

Q

see [68].

Applying the HNEMD method to bulk silicon (1000 K, 5.43 A), a sequence of simulations
is performed using the Stillinger-Weber potential with 1728 atoms in a diamond cubic lattice for
about 4 million time steps, each of size 0.55 fs. The system is chosen large enough to be free
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of the size effects noted for the GK methood in [67]. Itis concludegi from Figure 6.2 that linear
response theory is valid for 0.3 x 107* A~ < F,, < 2 x 107* A%, Since the external field

600
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Figure 6.2: Variation of thermal conductivity k(F.,) with F,, for silicon system at T = 1000 K.
The intercept at I, = 0 is the estimate of the true thermal conductivity k. Note that the errors in
the estimates for smaller F,, are small enough to make the error bars indistinguishable.

is applied only along the z-direction, it is expected for the diamond cubic system that the average
heat fluxes (Jo,(00)) and (Jg,(00)) in the 2 and y directions approach zero respectively, as shown
in Figure 6.3. The value of thermal conductivity obtained by linear extrapolation to F., — 0 is
50 + 4 W/mK, which is lower than but consistent with the Green-Kubo result 66 + 16 W/mK
and the direct method result 65 + 16 W/mK [67]. The gradient method gives a conductivity
estimate of 55 4+ 2W/mK, see Figure 6.4. On the other hand, the mean of values in the range
0.3x 107" A~! < F,, <1 x 10~* A~! gives a conductivity estimate in the range 53 + 2 W/mK,
see Figure 6.2. Hence, all the three approaches for evaluating ~ from the HNEMD method yield
consistent results.

To quantify the significance of three-body terms on deducing thermal conductivity, the sim-
ulations were repeated with only two-body terms included in the equations of motion (5.11) and
(6.10), as well as in the heat flux vector J(I") of (3.65). A regime of F., was found where the
linear response theory is valid, as shown in Figure 6.5. The values of thermal conductivity from
both the gradient and mean methods were found to be 26 + 1 W/mK which is approximately
half of the respective values obtained from simulations including three-body terms, see Figure 6.6.
This clearly demonstrates the significance of the three-body terms in the equations of motion and
the heat flux vector when estimating the thermal conductivity of silicon, as these ensure that the
diamond crystal structure is the most stable periodic arrangement of particles [68].
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Figure 6.3: The running average of components of the heat flux Jg in the x and z directions for
the silicon system in the non-equilibrium steady state with F,, = 8 x 107°A~!. Note that the y
direction is omitted for clarity.
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Figure 6.4: Heat flux J, as a function of F., used to obtain the thermal conductivity of a silicon
system at'T' = 1000 K via the gradient method. It is assumed that the linear fit passes through the
origin.
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Figure 6.5: Comparison of thermal conductivity k(F.,) variation with F., for silicon at T=1000K.
The intercept at F,, = 0 is the estimate of the true thermal conductivity k. The method using the
full heat flux and fictitious force is compared with the same method using only the two-body terms.
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Figure 6.6: Comparison of heat flux J, estimates for silicon at T=1000K using the gradient
method. The method using the full heat flux and fictitious force is compared with the same method
using only the two body terms.
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6.3 Multi-body potentials

In this section, expressions for C; and D; are given for systems modeled by multi-body potentials
(any M in (3.32)) [45]. Multi-body potentials with M = 4 (dihedral angles and torsion) are
important in describing the surface and cluster phases of silicon [53]. Also, multi-body potentials
are used to model many metals [16, 17].

The complex part of deriving the expressions for C; and D; is obtaining the expressions for
stress and heat flux in the case of multi-body potentials, which have already been derived in Chap-
ter 3, see (3.64) and (3.65). The equation for the heat flux with zero total momentum is given by

~ 1
JQ(t) - V Z |:EZ1I + 5 Y Z Tiyio ® F11Z2 + = 6! Z Tiyig + rl113] ® Filizis +..
11 12,13

X (6.17)
Pi
+ M [riliz + Tijis +...+ rlllM] ® F2112 Z]M:| 7nl

12, 00

Again, noting the relation between the heat-flux vector, stress tensor and C; and D;, in analogy
to the case of three body potentials, the expressions for C; and D; for multi-body potentials are
proposed by taking in to the multi-body terms in £; and the virial stress Ty as

CiFe - 07

DiFe = (E I + = 2' Z F’L’Lz ® rmz 3' Z szzs [erQ + rZZS] +..

12,13

Z Fu2 ’LM I'“'2 4+ ...+ riiM]>F (EI — ﬁ Z :F“,L2 ® I'le2

..... 11,82

3'N Z Fuzgz; rz1i2 + ri1i3] +...

11,12,13

(6.18)

MIN Z Fﬂm ZM [ri1i2 +.oo+ riliM]) Fe :

91,92, 500

It can be seen that this choice satisfies the zero total momentum preservation and is compatible
with PBCs, as the atoms that leave the system from one side can enter it again from opposite side
with the same momentum and forces. The phase space compression factor for this choice is

1 (= p\N-1
_5_‘/(;%)_]\] ~0, (6.19)
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and the dissipative flux is obtained as

1 1 1
= % Z [Ez‘I + 21 Zrug ® Fii, + 30 Z(rm + 1) @ Figig + ...+
) 12

12,13

1 pi 1[- 1
M Z (riiz +.o+ riiM) ® FiiQ---iM:| E - V |:E + W Z Tijip & Fi1i2+
T dg,eninm ) 11,12
3N > (Ciiy + Tiiy) @ Fiyigiy + IV D it F i) @ Fin [ D —
IR TR PR A T dnigeim 7
= Jo,

(6.20)

where the second equality is obtained by substituting (6.18), the third equality is obtained by ob-
serving that the total momentum is zero. Hence, (6.18) satisfies all the three conditions that are
required for the application of the linear response theory in Chapter 5 and hence (6.18) with (5.11)
may be used to obtain the thermal conductivity estimate. In the preceding derivations, it is im-
portant to note that the tensor variable C; coupled with the momenta is always zero. However,
C,F. = 0 need not be true in general, which is shown in the following chapter in which the equa-
tions of motion (5.11) are obtained for systems containing different species capable of diffusion,
heat transport and cross effects.

6.4 Discussion

The HNEMD method for silicon requires 1-2 million time steps to obtain the thermal conductivity
from a heat-flux average that is converged to within statistical uncertainties. This is a small num-
ber relative to the GK method, which requires on the order of 20-30 million time steps to reach
a comparable confidence interval. In terms of CPU time, the HNEMD method requires approxi-
mately 30 hours, where as the Green-Kubo method requires on the order of 150-200 hours. This
is because the GK method relies on the integration of heat flux autocorrelation functions with long
decay times, where the tail might not be calculated accurately, as discussed in Chapter 4. One way
to avoid long simulation times in GK method is to approximate the decay of the autocorrelation
function with exponential curves. However, it is shown in [67] that exponential curves do not cor-
rectly represent the long-time decay of the autocorrelation function. Since the HNEMD method
estimates the average (Jq.(00)) for a range of F,., it eschews errors related to autocorrelation
calculations.

The HNEMD method has two potential shortcomings. First, it requires simulations for multiple
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values of F,, in order to identify the range of the linear response theory. This is alleviated by the
fact that such simulations are independent of each other and can be performed in parallel. Second,
the method is inefficient for extremely small values of F,. In this range, the system is very close
to the equilibrium state and the effect of the external force field on the system becomes comparable
to the system at equilibrium. Therefore, (jQz(oo)) approaches zero making it difficult to estimate

the ratio * Qz( ) ag F.. approaches zero, see Figure 6.7. Hence, it is important to determine a
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Figure 6.7: The running average of components of the heat flux J¢ for the silicon system in the
non-equilibrium steady state with F,, = 1 X 10541,
range of [, that is large enough to obtain reasonable values of U%Fﬂ
system to be in the linear non-equilibrium range. -
The kinetic theory of gases can be employed to estimate the linear response range of a system
to the external perturbation F,,. It is known for the case of gases that Fourier’s Law (Jg = —kVT)
is valid when the relative variation of temperature is small within a length equal to the mean-free
path ¢ (defined as the average distance that the particle travels before colliding an other particle)
[9, 62], namely

and small enough for the

ST
T

Assuming that silicon at 1000K is a gas of phonons, (6.21) can be employed with ¢ being the
phonon mean-free path. In the linear range, it can be seen from (6.7) and Fourier’s law that
the effect of external field F., is identical to that of a logarithmic temperature gradient, i.e.,
o dlnT 10T

0 T oz

< 1. (6.21)

Therefore, appealing to (6.21), it is concluded that if the system is in
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1 .
the linear range, then F,, < —. Hence, for silicon F,, < 0.0015 A~!, since the phonon mean-

free path of Si at 1000K is estimated from the kinetic theory to be 600 A, see [67]. In fact, it
can be observed from Figure 6.2 that the linear range of F,, is approximately 1/100 to 1/10 of
0.0015A~1. Tt follows that the number of simulations that must be performed for different £, to
obtain a reliable conductivity estimate with the HNEMD method can be significantly reduced. At
a minimum, the proposed extrapolation method requires only two conductivity estimates, whereas
the gradient method requires a single flux measurement in the linear range since zero flux at zero
F., is assumed at the outset. The estimation of conductivity by the mean method can be also po-
tentially accomplished with a single measurement, but it is more sensitive than the gradient method
to the accurate knowledge of the lower limit of the linear range.
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Chapter 7

A New HNEMD Method for Multiple Species
Systems

The HNEMD equations of motion and specifically the tensors C; and D;, developed in Chapter 6
are suitable for systems consisting of a single species, since they yield the transport coefficient
Log
T2
these HNEMD equations of motion are employed for multi-species systems, e.g., a semi-conductor
gallium-nitride (GaN) system [72, 71], the long-time average of the heat flux vector Jg still re-
mains proportional to the external field. However, the constant of proportionality is not just equal
to the heat transport coefficient, but involves additional correlation integrals, since the HNEMD
equations do not satisfy the condition of equivalence of fluxes (5.27), as in the case of single-
species systems, which is shown in the following section. Hence, these correlation integrals need
to be evaluated from an equilibrium simulation in addition to running the HNEMD algorithm. An
earlier attempt to obtain non-equilibrium equations of motion specifically tailored to multi-species
also requires equilibrium MD simulations in addition to running the non-equilibrium algorithm as
equivalency of fluxes condition is not satisfied [22]. In this chapter, the deficiency of the HNEMD
method leading to additional correlation functions is shown preceding the development of M-
HNEMD method. Also, expressions for C; and D; are developed to obtain the heat transport
coefficient for multi-species systems without resorting to additional equilibrium simulations. The
resulting method is termed as the Mixture-HNEMD (M-HNEMD) method.

without requiring the calculation of any average quantities from equilibrium simulations. If

7.1 Thermal Conductivity Estimation by the HNEMD method

In this section, it is shown that the original HNEMD method [21, 45] is not consistent for mixtures
and alloys due to the non-equivalency of the fluxes J —B and J (i.e., J — B # J). To appreciate
this point, recall that C; and D; in the original HNEMD equations of motion [45] are given in the
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form
1 N
Ci =0 s Dz = Vi_NZVj’ (71)
j=1
where
1 1
v, = I+ o1 Z Fii, ®r;, + 30 Z Fiiyiy ® (Tisy + Tiiy)+
12 12,13

1
-t M Z Fiiying @ (Tiiy + ... +15,,) . (71.2)

(25001 iM

These choices are compatible with preservation of zero total momentum, since » _, D; = 0. On the
other hand, in this case the fluxes B and J defined respectively in (5.17) and (5.18) are given by

N
B - 3 v 7.3
and
L~ 7P 1 ZN T ZN P
_ T % o
i=1 7j=1 =1
where
_ 1 X Pi
— § T E 4

<
I
—
.
I
—
S

is the difference between the heat flux Jg and the dissipative flux J. It can be seen from (7.3), (7.4)
and (7.5) that the difference in the fluxes J and B is not equal to the heat flux J o, which violates the
second condition (5.27) in Section 5.2. Therefore, in the HNMED method, the long-time average
of the macroscopic heat flux vector J¢ in (5.25) can be expressed with the aid of (7.3) and (7.4) as

ol (Y [ (ot 300 as-

k;BV:m /0 h <3Q((s)o) @ [A0) +B()] > ds) F,
(7.6)

or

= —(Log — Lga — Lgp)F. , (1.7)
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where v e
Loa = ¢ | <3Q((s)o)®A(0)> ds (7.8)
and
Vo[ N
Lo = s ) <JQ((3)0)®B(0)> ds . (7.9)

Hence, estimation of L requires the calculation of L 4 +Lgp in addition to running the standard

HNEMD algorithm to obtain WT@). These extra correlation terms need to be evaluated by
means of a Green-Kubo method, which naturally involves the errors related to the integration
and calculation of correlation functions. If, upon employing the Green-Kubo method, the sum
Lga +Lgp is found to be small compared to L, then it is sufficient to use the classical HNEMD
method given by (7.1) for estimating L.

7.2 M-HNEMD Algorithm

In this section, equations of motion, and particularly choices for C; and D, are derived for a system
of n different species, which satisty the three basic conditions (5.27), (5.28) and compatibilitiy with
PBCs discussed in Section 5.2. In the following, a sequence of proposed forms for C; and D; is
suggested and refined to satisfy the three conditions, hence leading to the final expressions given
at the end of this section.

As observed in Section 7.1, using D; in the form (7.1) violates the equivalence of fluxes (5.27).
To circumvent this problem, D; may be initially modified as

D =vi——) v, (7.10)

N
where m = Z m;. Using (7.10) with C; = 0, the flux vector J in (5.18) becomes
i=1

N
eSS

N
and Z pi = 0, provided that the total initial momentum is zero, hence J = J. However, the flux
=1
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vector B in (5.17) is now equal to

1 N D, LN 1N D,
B =— — - = il = == - 0, 7.12
resulting, again, in J — B # J. One way to achieve B = 0 is to choose
Ci =1 D ; (7.13)
m;

however, this choice introduces additional terms in J, such that

N
Z Di
Q+i:1 (mi®r) 7 © ( )
To simultaneously eliminate B and set J = J, one should also change D; to
mi — mi —
D, =v,—— i — (F; 1)l %E F; r;I. .
v mj,lyj (Fi-r;) +m]~1( j L) (7.15)

While (7.13) and (7.15) enforce the conditions (5.28) and (5.27), they do not satisfy frame
invariance, i.e., they do not yield the same behavior under arbitrary translations and rotations of
the system. To impose frame invariance, one should subtract from the position vector r; of every
atom a suitably defined vector r, which convects with the body. In this case, (7.13) and (7.15)
become

- Di
Ci=—(r-1o
(-1 e 2
N N (716)
m; _ m; _
Di:Vi_T V; — Fz r,—r)—  — F r; —T I
m 2V ( ( ) ij:l](] ))

There are various possible choices for r which enforce frame invariance without violating
N
1 o
— Z m;r;, namely the position vector of
m
i=1
the mass center of the system. Other choices include the position vector of any fixed point in the
system, provided that this point convects with any arbitrary translation and rotation of the whole
system. One such choice would be, for example, the left-bottom corner r, of the system. How-
ever, all the aforementioned choices are incompatible with periodic boundary conditions (PBCs).
Indeed, in the case of PBCs, all atoms that exit the system from one side enter it again from the
opposite side with the same momentum, see, e.g., [2, Section 1.5.2]. In this so-called wrapping

(5.28) and (5.27). One such choice is T = ry¢c =
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process, the terms (7.16) with r = r;¢ or ¥ = r, create large jumps in velocities and forces, as
r; — I is discontinuous in time. This discontinuity can be minimized by choosing for each atom an
r that depends only on atoms in its neighborhood. (Empirical evidence of both of these issues is
given in Section 7.3.) Here, it is assumed that the neighborhood of an atom is comprised only of
atoms within the cut-off radius . > 0 of the potential. This treatment is also time-discontinuous
due to neighboring atoms leaving or entering the cutoff of a given atom. For solids, these events
can be quite rare and become non-existent for low enough temperatures. For dense fluids, on the
other hand, an atom can change neighbors as frequently as every time-step. For this choice of r,
equation (7.16) can be cast as

- Pi
Ci=—-(m-1)® —,
(r r)®mi
N N (7.17)
D, = Z.__ZE o Fi'(i__i)__ZE F..(,_—,> I,
v mj:11/] ( r,—T mj:1 jolrj—T;

where r; = NL Zjvzl r; and [V; is the number of atoms in the neighborhood of atom 7 within

the cut-off radius. f)éspite the time-discontinuity, the choice of (7.17) preserves total momentum
and also satisfies (5.28) and (5.27) with B = 0 since the partial derivatives of C; and D; with
respect to the phase variables are unaffected. Therefore, the equations of motion (5.11) with (7.17)
can be used to evaluate Ly and are referred to as the M-HNEMD equations of motion under
periodic boundary conditions. Also, C; in (7.17) remains bounded with increasing system size,
unlike the choice of r = rg),. Since B = 0, the equations of motion also satisfy the adiabatic
incompressibility of phase space, as in the case of HNEMD method for single-species systems.

A casual review reveals that, when reduced to a single-species system (m; = m), the M-
HNEMD algorithm is not identical to the original HNEMD algorithm. This demonstrates the
non-uniqueness of the NEMD algorithms for evaluating thermal conductivity.

7.3 Results

The HNEMD and M-HNEMD algorithms are applied to estimate the thermal conductivity x of

L
QZQ for an Ar-Kr system. A sequence of the

Ar and GaN systems and the transport coefficient

heat flux averages (Jg, ,(00)) corresponding to a decreasing sequence of F., is computed to
determine the linear regime of the system under the action of the external field F, = (F.,x,0,0).

LQQ,mm
TQ
the gradient method described in Chapter 6 and [46]. Before the external field F,. is switched
on, the system is equilibrated using the NH thermostat which generates the (extended) canonical

ensemble given in (5.10). When the external field is applied, the duration of each of the simulations

In this case, k., is estimated for Ar and GaN and

is estimated for Ar-Kr systems using
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in the sequence is chosen to make the variance of the estimated (.Jg, »(cc)) negligible and hence
the reported error estimates are based on the regression errors. The time integration scheme used
for the HNEMD method is described in [46] and is modified for the M-HNEMD method, as in
Appendix B.

7.3.1 Argon

As an initial test, the M-HNEMD algorithm with (7.17) is applied to a single-species (n = 1) Ar
system at its triple point (T = 86.5 K, face-centered cubic lattice of length 5.719 1401). The system is
modeled using a Lennard-Jones potential (M = 2 in (3.32)) with N = 256 atoms, cut-off radius
of r, = 134 and periodic boundary conditions on the 4 x 4 X 4 unit cells. In the Lennard-Jones
potential given by (6.8), the characteristic energy is €;; = 1.6539 x 1072! J and the characteristic
lengthis 0;; = 3.405 A, see Section 6.1.1. Each run is carried out for 10 time steps with a step-size
of At =4.0 fs.

The computationally tractable linear regime of £, istound to be between 0.001 A~ < F,.. <
(JQu,k(20))
TFez,k
concluded from Figure 7.1(a) that the results from the M-HNEMD and HNEMD algorithms are
practically identical, thus providing a validation of the M-HNEMD algorithm for a single-species
system. The value of thermal conductivity using the M-HNEMD algorithm with the gradient
method is found to be 0.1305 4+ 0.0002 W/mK, see Figure 7.1(b). This compares favorably to the
HNEMD result 0.1302 +0.0002 W/m K and the Green-Kubo result 0.129 W/m K, see Figure 7.2.

0.1 121_1, as shown in Figure 7.1(a), where Kk, = is independent of F,, ;. It is

As an aside, it is also observed that when using ¥ = r¢), in (7.16) the thermal conductivity .,
shows a decreasing trend for increasing values of F,, until it reaches a regime of severe disconti-
nuity, see Figure 7.3. As argued in Section 7.2, the discontinuity of k., (F,) can be attributed to
the non-smooth transition during the re-mapping due to the PBCs. This problem is eliminated with
the use of equation (7.17). Interestingly, the use of equation (7.17) also eliminates the decreasing
trend of k.., which facilitates the identification of a linear regime.

7.3.2 Argon-Krypton Mixture

The M-HNEMD algorithm (7.17) is applied to the binary Ar-Kr mixture system at T = 115.6 K.
The system is comprised of a total of N = 256 atoms (128 Ar and 128 Kr) in a cube of volume
24.192% A® with PBCs. It is modeled using a Lennard-Jones potential given by (6.8), where the
parameters for Ar are as in Section 7.3.1, while for Kr are ¢;; = 2.3056 x 10~2! J and 0 = 3.670 A
[54]. The two parameters for Ar-Kr pairs are determined from the Lorentz-Berthelot mixing rules
[63]. The system is initially created by filling the left half of the simulation box with argon atoms
and the right half with krypton. It is then equilibrated to become a liquid mixture by integrating
the NH equations of motion for about 10* time steps with step-size At = 4.0 fs. Once the system
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Figure 7.1: Comparison between the M-HNEMD and HNEMD algorithms for argon at the triple

point. The dashed and solid lines correspond respectively to the M-HNEMD and HNEMD esti-
mates of K.

is equilibrated, the M-HNEMD equations of motion are solved for 10° time steps to obtain the heat
transport coefficient Log .. /T

Figure 7.4(a) shows that the linear regime is found approximately when 0.01 Al < F, <
0.085 A~! for both the M-HNEMD and HNEMD algorithms. The M-HNEMD estimate for the
transport coefficient Lo ./ 2 is found to be 0.08743 +0.00011 W/mK, see Figure 7.4(b). This
is in good agreement with the Green-Kubo estimate of 0.08720 W/mK at a correlation time of
t = 1ps, which is obtained by performing equilibrium molecular dynamics simulations, see Fig-
ure 7.5. The HNEMD estimate is found to be 0.08618 4 0.00013 W/m K, which is very close to

the Green-Kubo and M-HNEMD estimates, see Figure 7.5. As mentioned in Section 7.1, since

ed ;2 QBT ().00043 W/mK is small compared to the Green-Kubo estimate from Fig-

ure 7.5, either the HNEMD or the M-HNEMD algorithm may be employed to obtain an accurate
estimate of Lgg ., for Ar-Kr in the given state.

Figure 7.6 shows the magnitude of the discontinuities in the trajectory of a typical r; relative to
the trajectory of the associated atom r;. These trajectories were captured before the field F,, was
applied to allow for comparison of r; to an unperturbed r;. Even in a dense fluid, it is apparent that
the discontinuities are quite small relative to the normal fluctuations in position.
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Figure 7.2: Green-Kubo estimate of the thermal conductivity of argon at triple point based on the
direct integration of the heat flux auto-correlation function.
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Figure 7.3: Variation of thermal conductivities K.y, Ky, and k., with F,, for argon at the triple

point for T = rcyy, demonstrating an instability at approximately F,, = 0.089 A~! and a signifi-
cant decreasing trend (see inset).
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Figure 7.6: Trajectories of r; and t;.

7.3.3 Gallium-Nitride

The HNEMD and M-HNEMD methods are next employed to estimate the thermal conductivity of
a perfect GaN system (wurtzite crystal structure) using an orthogonal cell with lattice parameters
a = 3.194 and ¢ = 5.204 at T=500K, see [73] for details on the lattice structure. The system
is modeled using 512 atoms with 4 unit cells per direction (4 X 4 x 4) and a Stillinger-Weber
potential given by (6.13)-(6.16), see [4, 5, 68], under periodic boundary conditions. It is observed
that 4 x4 x4 system is sufficient for obtaining the value of thermal conductivity using both HNEMD
and M-HNEMD algorithms. A time-step of 0.5 fs is used for 8 x 10° time steps. The linear regime
in the HNEMD method is found in the range 7 x 10" A™! < F,, < 1.3 x 107* A~! and the
thermal conductivity is estimated via the slope method as 133.65 +2.50 W/m K, see Figure 7.7(a)
and Figure 7.7(b).

Using the M-HNEMD method, the thermal conductivity is found to be 132.02 £+ 5.85 W/mK,
see Figure 7.7(a) and Figure 7.7(b), which is comparable to the HNEMD result. Both the HNEMD
and M-HNEMD estimates are comparable to the estimate of the direct method estimate, which is
120.59 W/mK [73]. It can also be seen in Figure 7.8 that the average of the heat flux (J(#)) con-
verges after 4 x 10 time steps for F., = 1.0 x 10~ A~ thus demonstrating that the duration of the
simulations is sufficient. Finally, the Green-Kubo approach yields an estimate of 128.09 W/mK
using 8 x 10 time steps and 1000 atoms (5% 5 x 5). In the Green-Kubo approach, it is observed that
a system at least as large as 5 x 5 x 5 is needed to obtain a thermal conductivity value. In all cases,
the Green-Kubo estimate is based on the criterion of the first plateau attained by the integral of the
correlation, as in [67]. Figure 7.9 shows that (Jo(t) ® J(0)) decays in a complicated manner
with correlation time, unlike the Ar-Kr system, which makes this criterion somewhat ambiguous.
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As seen in Figure 7.9, the noise past a correlation time of approximately 200 ps is quite significant,
thus requiring considerably more simulation time than the M-HNEMD method to obtain a similar
quality thermal conductivity estimate. However, (Lga . + Lopa:) /T? = 0.051 W/mK is ex-
tremely small compared to the Green-Kubo estimate leading to the conclusion that the HNEMD
method yields comparable results for GaN.
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Figure 7.7: Comparison of the M-HNEMD and HNEMD algorithms for gallium-nitride. The
dashed and solid lines correspond respectively to the M-HNEMD method and HNEMD estimates
of Kyg.
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7.4 Discussion

As observed in Section 7.3, the Green-Kubo method may not be viable for the estimation of ther-
mal conductivity in systems like GaN. In such systems, it is difficult to establish that the complex
autocorrelation function has decayed sufficiently to permit accurate integration. In addition, given
that the decay of the autocorrelation function is fairly long (at least 150 — 200 ps in the case of
GaN, see Figure 7.9), it takes considerable simulation time using the GK method to obtain the
thermal conductivity within reasonable statistical certainty. These problems may be avoided by
using the HNEMD and M-HNEMD methods, thereby circumventing the integration of a noisy au-
tocorrelation function. Also, these non-equilibrium methods yield results of reasonable accuracy
for relatively small total simulation times, as the signal-to-noise ratio is high due to the action of
the finite non-zero external field F.. Moreover, the HNEMD and M-HNEMD methods are par-
allelizable for a simulation corresponding to a choice of F.. Here, the simulation domain can be
spatially decomposed into small boxes and assigned to various processors [60]. Each processor
computes forces and then updates the positions and velocities of all atoms within its box. The
information needed for forces at the edge of the box is obtained by communicating with the pro-
cessors corresponding to the neighboring boxes [60].

For single-component systems, the HNEMD and M-HNEMD algorithms, while not mathe-
matically identical, yield statistically identical results, which demonstrates the non-uniqueness in
the construction of non-equilibrium molecular dynamics methods. Interestingly, even when ap-
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plied to multi-component Ar-Kr and GaN systems, the HNEMD and M-HNEMD algorithms yield
very similar results, as Lo + Lgp is very small compared to the heat transport coefficient ten-
sor Lgg. However, the M-HNEMD is theoretically consistent with the linear response theory
for multi-component system, in the sense that, in addition to preserving total momentum (see
equation (5.28)) and being compatible with periodic boundary conditions, it also satisfies equiv-
alency of fluxes (see equation (5.27)). In contrast, for multi-component systems the HNEMD
method violates equation (5.27), thereby requiring additional equilibrium simulations to establish
that Loa + Lgp is small compared to Lgg. Although these results have not answered the ques-
tion whether the quantity L4 + Lgp is insignificant for all material systems under all conditions
conclusively, they do suggest that the original HNEMD method can provide accurate thermal con-
ductivity estimates without strictly satisfying the equivalence of fluxes and the incompressibility
of phase space. Nevertheless, in all cases, without resorting to additional simulations to calcu-
late expensive time-correlations, the marginally more complex M-HNEMD algorithm will provide
accurate results if used in the linear regime.

As expected, the M-HNEMD method shares some of the same challenges that apply to HNEMD
method. First, it requires simulations corresponding to a decreasing sequence of F. to establish
the linear regime. This can be alleviated by performing these simulations in parallel, as they are
completely independent of each other. Second, it becomes extremely inefficient for very small F.,
where the signal-to-noise ratio is low. In such a case, it talfes simulation time on the order of a
(Jau(o0)

TF,,
nately, in the very low bias regime, other NEMD methods may be attractive. For instance, the

method of Ciccotti and co-workers [12, 51] employs a direct difference of heat flux between un-
perturbed and periodically perturbed trajectories to obtain the linear response of the system. In the
M-HNEMD under consideration, it is important to set F,, far enough from zero to avoid this prob-
lem, while still staying within the linear regime. An estimate of the linear regime can be obtained
from prior knowledge of the phonon mean-free path [46].

Green-Kubo estimate to obtain a reasonable estimate of as F,, tends to zero. Alter-
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This thesis introduces a class of homogeneous non-equilibrium molecular dynamics methods for
calculating the heat transport coefficient of solids and liquids (including mixtures). The first sig-
nificant contribution is the extension of the HNEMD method originally formulated for systems
modeled by pair potentials, to systems modeled by many-body potentials. This extension now en-
ables the computation of heat transport coefficient estimates across a wide range of single-species
systems, such as silicon, germanium, copper, aluminum, efc., which are modeled by many-body
potentials [16]. As a test case, the extended HNEMD method is applied to a silicon system and it
shows that the heat transport coefficient of silicon can be obtained accurately with lower overall
computational cost compared to the GK and direct methods. In addition, the HNEMD method may
be applied for systems with defects, such as vacancies, impurities, efc., to characterize their effects
on the heat transport coefficient. In such problems, since the number of atoms corresponding to
equilibrium concentrations of defects are on the order of 10° — 107, the HNEMD method may
be favorable to the Green-Kubo or the direct methods due to the advantage of obtaining smaller
statistical uncertainties at lower overall computational cost.

The second significant contribution documented in this thesis is a new HNEMD method for
multi-species systems, referred to as the M-HNEMD method. The proposed M-HNEMD method
solves the problem of computing the heat transport coefficient estimates for multi-species systems
modeled by many-body potentials without resorting to additional equilibrium molecular dynamics
simulations. This has remained an open problem even for the simple case of systems modeled by
pair potentials. The new method is tested for argon-krypton liquid mixtures and solid gallium-
nitride systems and it shows that the heat transport coefficient estimates for these systems can
be obtained accurately. This method may now be applied to study a wide range of multi-species
systems from crystalline In-Ga-As semiconductor thermoelectric devices, as mentioned in the in-
troduction, to semi-flexible polymer systems such as liquid butane [14, 15].

A third contribution of this thesis is the extension of statistical mechanical theory of transport
processes developed by Irving and Kirkwood to systems modeled by many-body potentials. This
results in the expressions for stress tensors and heat-flux vectors for the case of many-body po-
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tentials. The stress tensor thus obtained can be used to analyze metallic and non-metallic systems
with cracks, dislocations, efc., [74] when they are modeled by complicated many-body potentials
[16, 17].

A number of new research questions can now be addressed on the strength of these new meth-
ods. For example, recent experiments [43] have shown that the thermal conductivity of individual
crystalline silicon nanowires of diameters in the range of 20 — 100 nm were more than one order
of magnitude lower than the bulk silicon. This was attributed to the boundary effects and possible
phonon spectrum modification. It was also found that, when a certain amount of roughness is added
to the boundary of these nano-wires, the thermal conductivity is one order of magnitude lower than
the smooth nanowires [29]. As an initial step in understanding these effects, the HNEMD method
may be applied to obtain the thermal conductivity values. Since the nanowires have free surfaces
and to capture the effects of these free surfaces, it is not appropriate to apply periodic boundary
conditions. In these systems, the numbers of atoms required to obtain an estimate of thermal con-
ductivity are on the order of 3 x 10° and it is hoped that the HNEMD method, with its advantage
of yielding better statistical averages with lower computational cost, may be suitable. Since the
Green-Kubo method is based on the validity of Fourier’ law and Onsager’ regression hypothesis,
this class of problems presents an opportunity to test their validity in the case of nanowires.
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Appendix A

Numerical Integration Algorithm for
HNEMD Method

The governing system of equations (5.11) and (6.18) with the addition of a Nosé-Hoover (NH)
thermostat can be decomposed into

d r; 0 0 0 0 %pi
7 |Pi| = -0 + | —¢pi| + |Di(r,p,F(r))F.| + [Fi(r)| +| 0 | (AD
¢ 5 (Tp)/T -1) 0 0 0 0

where T(p) = Z p;- pi, T is the expected temperature, ¢ is the NH control variable, D, F. is
m

the Evans bias force (6.18), and F; is the interatomic force. To integrate this system of ordinary
differential equations, the operator-split method [50] is employed. This method is based on the
decomposition of the p-Liouvillean operator that propagates the initial state

I'(t) = exp(iLt)I'(0) (A.2)

into L = L¢ + L, + L, + L,, + L, which correspond to sequence of vectors on the right-hand
side of (A.1), so that

A A A A
exp(iLAt) = exp (iLCTt) exp (in37t> exp (iLm?t) exp (iLm?t) exp(iL,At)

At At At At
exp (iLm?) exp (in27) exp (in37) exp (iLC7> + h.o.t..

In applying the operator split methodology the action of each of the evolution operators L¢, Ly, ...
on {r;, p;,(} is integrated in turn, preferrably exactly; however, in the case of the Evans force
D,F., which depends on p only through the energy £, it is possible but not feasible to integrate

(A.3)
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p = D;(r, p, F(r))F, exactly given the quadratic dependence of D;F. on p. Therefore, given the
relative expense of the operations, where the interatomic force evaluation is the most expensive
followed by the Evans force, the integration of D;F. is lumped with F, see (A.8) and (A.9) below.
With this choice, the resulting update is essentially the same as in the NVT algorithm in [50,
Equation 26], namely

At (T(pn)

n = (o +— -1, A4
Cnt1/2 C+2Q(To (A4)

- At
Prn = €Xp <7Cn+1/2) Pn (A.5)

- At
Pn+1/2 = Pn + 2_Fn ) (A6)

m

At
'nyi = Tpn+ —Pnti1/2, (A7)

) m
F,..n = F(rn+1) ) (A.8)
Fooi = Fopi +D(rpg1, Foyt, Poga2)Fe (A.9)
- At
Prn+1 = Pn+1 + Q_Fn—I—l ) (AIO)
m

- At

Pn+1 = €Xp (7Cn+1/2) Pn+1/2 5 (A.11)
At (T (pn

CGit1 = Gugrj2 + @ (% — 1) ; (A.12)

where (A.4) and (A.12) are the exact integration of L. over At Likewise, (A.5) and (A.11) are

2
the exact integration of L,, over At (A.6) and (A.10) are the integration of Ly, +p, Over % and,

finally, (A.7) is the exact integratii)n of L, over At. Here, the subscripts enumerate time-steps.
It also should be noted that this operator-split method is not second-order accurate, unlike the
similar schemes in [50], due to its inability to integrate the Evans force D;F. exactly. However,
the method does preserve momentum exactly, assuming the total initial momentum is zero. By
summing either (A.5) or (A.11) over the atoms, it is clear that the exponential factor merely scales
the original momentum, i.e., zero, and therefore does not change it. Likewise, (A.6) and (A.10)
do not change the total momentum since both the interatomic and field-dependent forces sum to
zero. The sum of the interatomic forces F(r) is zero since the system is periodic and the sum of the
field-dependent forces D(r, F, p)F. is zero since these forces are formulated as a deviation from
an average.
This algorithm was incorporated into the MD code LAMMPS [60].
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Numerical Integration Algorithm for
M-HNEMD Method

Following Appendix A, the governing system of equations (5.11) can be decomposed into

g [ 0 0 0 0 1p;] [Ci(r,p)F.
— |pi| = 0 + | —Cpi| + |Di(r,p)Fe | + |Fi(r)| + | 0 |+ 0
dt |, 1 (E _ 1) 0 0 0 0 0
R Q T —_—— m——/ (=
2: Ly L3 Ly Ls Lg
(B.1)
where T'(p) N PiiPi . The operator-split method in [50] is employed to integrate the

" 3Nkg < m,
preceding system of ordinary differential equations. In this method, the propagation

T(t) = exp(iLt)T(0) (B.2)

of the initial state is approximated according to
At At At At
exp(iLAt) = exp (iL1 7) exp <iL2 7) exp (iL3+47) exp (iL5 7) exp(iLgAt)

At At At At
exXp <1L57) exp (iL3+47> exXp (1L27) exp (1L17) + h.o.t. s

(B.3)
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where iL is the p-Liouvillean [24, Section 3.3] . The update formulae for the individual steps are
defined as

At1 (T(p,
Li: a2 =Gt 20 ( (T ) _ 1> (B.4)
- At
Ly : Pnt1/2 = €XpP (_7cn+1/2) Pn (B.5)
. At
L3is: Pnyij2 =DPnyi2t %Fn (B.6)
At
Ls: Tyhp1p =1p+ %pn—&-l/Z (B.7)
Lg: Tpi1  =Tur12+ AtC(rny1/2, Prt12) Fe (B.3)
. At
L5 : nt+1 =Tpt+1 + 2_pn+l/2 (B9)
) m
Fn+1 = F(rn+1) (B.IO)
Fn+1 = Fn+1 + D(I‘n+1, pn+1/2> Fn+1)Fe (Bll)
- At
L3ys: Pnri = Pntiet %Fn+1 (B.12)
At -
Ly: Pppp1 =exp —7gn+1/2 Pn+1 (B.13)
At 1 T<pn+l)
Ly : " =, _ | —7 1 B.14
10 Gap C+1/2+2Q( T (B.14)

where, in the interest of brevity, all the ¢ subscripts referring to atoms have been omitted. Here
the subscript n refers to the time-step. Also note that Fy is defined as Fy = F(ry), given initial
conditions ry and py.

All the steps of this algorithm involve exact integration of the respective propagators, with the
exception of (B.8) and (B.12) which involve integration of the forces C;F. and D,;F.. Indeed,
(B.12) is exact except for the part of D, that depends on kinetic energy and, consequently, on
terms involving squares of the components of p;. Moreover, D; involves the momenta of each
atom through the average kinetic energy embedded in D;. Likewise, (B.8) is inexact due to the
dependence of C; on a set of r;, which couples the integration for atom ¢ to the motions of its
neighboring atoms.

This algorithm was incorporated into the MD code LAMMPS [60].

86



	Introduction
	Continuum Thermomechanics
	Kinematics and Balance Laws
	Heat Conduction in an Elastic Solid
	Heat Conduction in Liquid Mixtures

	Statistical Mechanics
	Green-Kubo Formulae
	Stress and Heat Flux from Molecular Dynamics Simulations
	Balance of Mass
	Balance of Momentum
	Balance of Energy


	Molecular Dynamics Methods
	Direct Method
	Green-Kubo Method
	HNEMD Method

	Linear Response Theory
	Nosé-Hoover Thermostat
	Isothermal Linear Response Theory for HNEMD Method

	An Extended HNEMD Method for Single Species Systems
	Pair Potentials
	Argon using the Lennard-Jones Potential

	Three-body Potentials
	Silicon using the Stillinger-Weber Potential

	Multi-body potentials
	Discussion

	A New HNEMD Method for Multiple Species Systems
	Thermal Conductivity Estimation by the HNEMD method
	M-HNEMD Algorithm
	Results
	Argon
	Argon-Krypton Mixture
	Gallium-Nitride

	Discussion

	Conclusions and Future Work
	Bibliography
	Numerical Integration Algorithm for HNEMD Method
	Numerical Integration Algorithm for M-HNEMD Method



