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Summary. Of all the metals, gold is the most well-known and widely used material in 

scientific research, industrial production and, more recently, in biomedicine problems. In the 

temperature range 300 ≤ T ≤ 2000 K, including the region of the melting – crystallization 

phase transition, the results of modeling the phonon thermal conductivity of gold are 

presented. Phonon thermal conductivity plays an important role in modeling the mechanisms 

of interaction of pulsed laser radiation with gold in the framework of the two-temperature 

continuum model. In the region of the phase transition, overheating-undercooling of the solid 

phase occurs, the substance changes its structure. These phenomena are associated with 

changes in the phonon subsystem of gold, therefore, for mathematical modeling of heating-

cooling, it is necessary to know the characteristic of heat transfer as the thermal conductivity 

of the phonon subsystem of gold. Obtaining the temperature dependence of phonon thermal 

conductivity in such a wide temperature range from experiment is problematic. In this work, 

phonon thermal conductivity was obtained by the direct non-equilibrium method in the 

framework of molecular dynamics modeling using the EAM potential. 
 

1 INTRODUCTION 

Of all metals, gold is the most well-known and widely used material in scientific research 

[1], industrial production [2] and, more recently, in biomedicine problems [3,4]. Besides 

various applications, the specific features of gold are of great fundamental interest in 

connection with the rapid development of new nanoscale materials [5]. Gold nanoparticles 

have unique properties [6,7], which served as the basis for their possible use for theranostics 

in nanomedicine [8]. 

One of the promising directions in the generation of nanoparticles and nanoclusters is laser 

ablation of materials by ultrashort (femto-picosecond) pulses [9, 10]. Femto-picosecond 

ablation occurs under conditions of strong thermodynamic non-equilibrium, which is 

characterized, in particular, by the presence of two temperatures: electron Te for the 

degenerate gas of free electrons and phonon Tph for the crystal lattice. In the problems of 

mathematical modeling, the presence of two temperatures requires separation and quantitative 

determination of all thermodynamic and thermophysical characteristics of the material under 

study. Of all the thermophysical characteristics of metals, the separation and quantitative 

determination of phonon thermal conductivity was carried out less frequently than others. 

This was because it was believed that free electrons make the dominant contribution to 

thermal transfer in metals, while the phonon contribution to the total thermal conductivity was 
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considered negligible. Moreover, in most cases, knowledge of only the general thermal 

conductivity of metals was required; therefore, it was not necessary to separate the electronic 

and phonon thermal conductivity. The interest in quantifying phonon thermal conductivity in 

metals was stimulated primarily by the need for a deeper understanding of the mechanisms of 

thermal transfer during nonequilibrium energy transfer in a number of applications, for 

example, [10, 11]. 

Significant progress in recent years in the development of numerical methods and 

computational algorithms allows us to determine the phonon thermal conductivity for the 

most metals with a sufficient degree of accuracy. Two most common families of methods can 

be distinguished: classical molecular dynamics (MD) [12,13] and quantum ab-initio methods 

[14, 15]. In the MD methods, when modeling the properties and processes in metals, the 

empirical and semi-empirical potentials of the “embedded atom method” (EAM) [16, 17] 

were obtained using the methods that include ab-initio ones [18]. In EAM potentials, in 

addition to pair interactions, collective interaction is also taken into account. As a result, the 

potential energy of the metal is represented as the sum of two potentials: the embedding 

potential of the i-th atom, which depends on the effective electron density in the region of the 

center of the atom and the pair potential. The main disadvantages of EAM potentials are not 

taking into account the phonon-electron interaction and the large number of fitting parameters 

included in it (up to two dozen). The choice of shape and the selection of parameters in the 

EAM potential can be carried out using quantum mechanical methods. These methods, 

implemented in the form of Abinit, VASP, SIESTA, and other software codes, make it 

possible to calculate the forces acting on each metal particle in a wide temperature range. Not 

all EAM potentials used allow a good description of both the crystalline and liquid phases of a 

metal. Therefore, when choosing the potential for atomistic modeling, careful testing of the 

potential used is necessary. 

The ab-initio methods have appeared recently. They are considered the most promising and 

can be applied to any material. The ab-initio method does not require specifying interparticle 

potential. Its advantage is the ability to calculate electronic wave functions and electronic 

spectra. However, the use of small models does not guarantee the receipt of thermodynamic, 

structural and thermophysical properties with a sufficient degree of accuracy. The increase in 

model size is associated with high computational costs. Until recently, this was the main 

limitation that restrained the development and application of the ab-initio method. With the 

advent of high-performance computing, this limitation is successfully overcome. 

The use of ab-initio methods in calculating phonon thermal conductivity allows one to take 

into account the influence of both phonon-phonon (p-p) and phonon-electron (p-e) 

interactions, which can significantly increase the reliability of the results. However, the 

number of calculations of the phonon thermal conductivity of metals and, in particular, gold 

[19], [20], [21], is currently relatively small. As a rule, all calculations are limited to the solid 

phase in the temperature range T ~ (300 - 1000) K. There are no systematic results of 

experimental-theoretical studies of the properties of liquid metals in a wide temperature range 

(from the beginning of melting to the critical region). 

At the same time, the knowledge of the temperature dependences of thermal conductivity 

is relevant in many aspects of materials science, from the kinetics of fast phase transitions 

[22], [23] to nanomicro processing of metal samples [24], [25]. 

The aim of this work is to obtain a quantitative dependence of the phonon thermal 

conductivity of gold in the temperature range, including the melting region (T ~ 300–2000 K). 

106



M.M. Demin, V.I. Mazhukin, A.A. Aleksashkina. 

The goal was achieved by mathematical modeling, in which the atomistic model was 

numerically solved by the molecular dynamics method using a computational algorithm based 

on the finite-difference Verlet scheme [26]. The determination of phonon thermal 

conductivity in the framework of classical molecular dynamics is a complex problem. To 

solve it, the two most common approaches are used: the direct nonequilibrium method, which 

relies on spatial gradients of the type “heat source - sink” [27, 28, 29] and the equilibrium 

Green-Kubo method [27, 28, 30], associated with the calculation of time integrals of the 

correlation functions that specify the correlation in the systems with random processes.  

In this work, to determine the phonon thermal conductivity of a metal (Au), we chose the 

direct nonequilibrium method as a more obvious one and requiring less time. 

2 STATEMENT OF THE PROBLEM 

Direct non-equilibrium method of determination of the phonon thermal conductivity 

coefficient lat  is based on the phenomenological relation of Fourier for the heat flux W  

[31]: 

x

T
W lat




        (1) 

The computational algorithm is constructed according to a scheme close to the 

experimental measurements of the coefficient lat  [29, 32]. First, with the help of external 

heating in the sample, a stationary spatial temperature profile is constructed using the heat 

source – sink scheme, which provides a stationary heat flux. The presence of a stationary heat 

flux allows using the phenomenological Fourier relation (1) to determine the coefficient lat .  

A specific feature of the atomistic representation of processes in a solid sample is the 

choice of the linear dimensions of the sample (modeling domain), which must satisfy the 

following requirements. 

In the molecular-dynamic implementation of the direct method, it is necessary to monitor 

the 2 most critical factors. 

It is important that a stationary spatial temperature profile is obtained between the heat 

source and the sink, which is equivalent to obtaining a constant heat flux, with minimal finite 

size effect on the phonon thermal conductivity. For this, the linear dimensions of the sample 

should far exceed the average mean free path of phonons. The fulfillment of this condition is 

hampered by the fact that the dimensions of the computational domain should be of the 

micrometer scale, which in the calculations corresponds to a large number of atoms, several 

hundred million [33]. Keeping the computational domain in the nanometer range and 

performing calculations with a relatively small number of atoms is usually achieved using the 

scaling procedure [27], [28]. Its essence is as follows. First, using nanoscale calculation 

regions (along the x direction) of various lengths Ln, a series of calculations of thermal 

conductivity is carried out for several fixed values of temperature T. Then, the reciprocal 

dependence of the thermal conductivity 1/κlat is constructed with respect to the reciprocal of 

the length of the simulation region, 1/Ln, and the thermal conductivity is determined by 

extrapolating the data 1/Ln → 0 [27]. This procedure is justified by the expression for thermal 

conductivity obtained from the kinetic theory [27, 29]. 

In the direct method, large (10
9
 - 10

10
 K / m) temperature gradients are used to reduce the 

temperature fluctuations. Too large temperature gradients can cause large nonlinear response 
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effects for which the Fourier relation (1) is not applicable. In these cases, it is necessary to 

control the supply of heat to the source region with a thermostat, in order to determine the 

allowable value of non-linear distortions. 

The calculation of the phonon thermal conductivity of gold was carried out as part of the 

following computational experiment. A region in the form of a parallelepiped with sizes of 10 

× 10 × 40 unit cells, corresponding to 16,000 particles, with periodic boundary conditions in 

all three directions was considered. For boundary conditions along the x axis, this means that 

a particle exiting through the upper boundary of the region is replaced by a particle having the 

same velocity but entering through the lower boundary and vice versa. Gold has a cubic face-

centered lattice, the lattice constant is 0.406 nm. The interatomic interaction potential of EAM 

was used as the interaction potential [18]. 

The region along the x axis was divided into the number of intervals corresponding to the 

number of unit cells along this axis, which in turn corresponds to the number of particles. 

Heating was performed in the first interval of the computational domain, the sink interval was 

located in the middle of the domain. At each time step, a fixed amount of heat δQN was 

introduced into the heating region, and the same amount was taken from the sink region. The 

heat flux W was calculated as 

W = dQ/(SNdt)/2,      (2) 

where dQ = N×dt×δQN  is the total released energy, where δQN is the energy released during 

one timestep, N is the number of steps, dt is the timestep size, S is the cross-sectional area. 

The timestep dt was chosen to be 3fs at low temperature 300 ≤ T ≤1000K, 2 fs for 

1000 < T ≤ Tm, and 1fs for T > Tm. The division by 2 is used due to periodic boundary 

conditions, i.e. heat flow goes in two directions. Then, the resulting temperature gradient was 

calculated, and the Fourier law (1) was used to obtain thermal conductivity. 

3 MODELING RESULTS 

Fig. 1 (a), (b) show the time-averaged spatial temperature profiles used to calculate the 

thermal conductivity. The average temperature is 300 K (Fig. 1 (a)) and 2000 K (Fig. 1 (b)). 

In a small region (~ 2 nm) in the immediate vicinity of the source, a very strongly nonlinear 

temperature profile is observed. The same strongly nonlinear temperature profile is also 

observed near the sink. In the intermediate region, the behavior of the temperature profile is 

close to a linear dependence. This interval between the heat source and the heat sink is 

indicated by dashed lines in the graphs (Fig. 1 (a), (b)). This is where the temperature 

gradients were measured. 

To overcome the effects of finite size, the heat flux was determined by a series of 

calculations. Calculations were carried out for various lengths of the computational domain 

Ln: 40, 80, 160, 240, and 320 unit cells with a constant cross section of 10 × 10 cells at the 

same temperature. 

The heat flux (2) was determined from the temperature difference between the heating and 

heat sink areas, for which the instantaneous temperature difference was averaged over the 

entire calculation time after establishing the stationary distribution. To increase the accuracy 

of the calculations, the temperature difference was calculated not over the entire interval 

between the source and the sink, but in its central part with a length of 0.8 of the full length. 
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To calculate the thermal conductivity from the Fourier law (1), the scaling procedure 

described above was used. For each temperature value, an inverse dependence of the thermal 

conductivity 1/κlat was constructed with respect to the reciprocal of the length Ln of the 

calculation region, 1/Ln, and the thermal conductivity was determined by extrapolating the 

data 1/Ln → 0. In Fig. 2 (a), (b) the dependences of the reciprocal of the thermal conductivity 

on the reciprocal of the size of the region for two temperatures 300K and 2000K are shown. 

MD simulation results are shown by a black line with markers. 

We consider the scaling procedure using the example of obtaining thermal conductivity for 

a temperature T = 300 K (Fig. 2 (a)). 

 

  

Fig.1  Spatial distribution of the temperature (a) at 300K (b) at 2000K 

  

Fig.2. The dependence of the reciprocal of the thermal conductivity on the reciprocal of the length Ln of 

the computational domain at temperatures: (a) 300K, (b) 2000K. 

Using the least squares method, a linear dependence was obtained for three values of 1/Ln 

(n = 1,2,3), corresponding to the lengths of the computational domain L1 = 40, L2 = 80 and L3 

= 160 cells (Fig. 2 (a)): 

zzP 713.1293.0)(   
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In fig. 2 (a), the obtained dependence P(z) is shown by a red line with markers. At z = 1/Ln 

= 0 we obtain the value corresponding to the infinite length of the computational domain. The 

reverse of this value is equal to the thermal conductivity at this temperature (300K). The 

procedure was repeated for all necessary temperatures in the range 300K ≤ T ≤ 2000K.  

 

Fig.3. The temperature dependence of phonon themal conductivity of gold. The markers show the 

results of calculations by other authors. 

Fig. 3 shows the temperature dependence of the phonon thermal conductivity of gold 

obtained as a result of the calculations. At the temperature of 300 K, the phonon thermal 

conductivity is κlat = 3.41 W / mK. With increasing temperature, the thermal conductivity of 

gold decreases. At the equilibrium melting temperature Tm = 1332 K, the thermal 

conductivity in the solid phase is κlat = 0.6 W / mK, and in the liquid phase at the same 

temperature the thermal conductivity is κlat = 0.49 W / mK. Thus, an abrupt decrease in 

thermal conductivity by 0.11 W / mK was obtained (inset in Fig. 3), which is 18%. The 

calculation was carried out up to a temperature T = 2000 K, at which the thermal conductivity 

is κlat = 0.48 W / mK. Such a change in the phonon thermal conductivity with increasing 

temperature does not contradict the ideas about the behavior of the phonon thermal 

conductivity of metals. 

The comparison with alternative calculations [19-21] showed a good agreement. At low 

temperatures (300K≤T <600K), the largest difference with [19, 21] is Δκ ~ 32%. With 

increasing temperature, the difference in results becomes smaller. At T = 600 K [21], the 

difference is Δκ ~ 12%, and at T = 900 K almost completely coincides Δκ ~ 2%. The 

consistency with the results of [20] is lesser. In the temperature range T> 1000K, there is no 

data for comparison. In general, such comparison results suggest that the selected method and 

potential describe the model with good accuracy and are applicable for further studies. 

The calculations were performed using the LAMMPS package [34] 
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4 CONCLUSIONS 

In the course of molecular dynamics experiments using the direct nonequilibrium method 

with the EAM potential [18], the phonon thermal conductivity of gold was calculated in the 

temperature range from 300 K to 2000 K. The indicated interval includes a region of a first-

order phase transition (melting). At the melting point, the phonon thermal conductivity is 

calculated for two states of matter: solid and liquid. 

A comparison of the obtained temperature dependence of the phonon thermal conductivity 

coefficient with the results from [19, 20, 21] shows a good agreement. 
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