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Muhammad Asif Shakoori, Maogang He and Yan Feng

Abstract

The studies of strongly coupled complex plasmas are of significant in the area
of science and technology. The plasma thermal conductivity strongly coupled
(complex) plasmas is of significant in scientific technology, because it behaves as
complex fluids. The two-dimensional (2D) plasma thermal conductivity of strongly
coupled complex dusty plasmas (SCCDPs) has been investigated by using the
homogenous nonequilibrium molecular dynamics (HNEMD) simulations, proposed
by Evan-Gillan scheme, at higher screening parameter к. In our case, we have
chosen particularly higher screening strength (к) for calculating plasma thermal
conductivity. The new simulations of plasma thermal conductivity are computed
over an extensive range of plasma states (Г, к) for suitable system sizes by applying
the HNEMD simulation method at constant external force field strength (F*). It is
found that the plasma thermal conductivity of SCCDPS decreases by increasing
plasma states (Г, к). The calculations show that the kinetic energy of SCCDPS
depends upon the system temperature (1/Г) and it is independent of к for higher
screening parameter. The new results of thermal conductivity obtained from an
improved HNEMD algorithm are in satisfactory agreement with earlier known
numerical results and experimental data for 2D SCCDPS. It is depicted that the
HNEMD method is a powerful tool to calculate an accurate plasma thermal con-
ductivity of 2D SCCDPS.

Keywords: plasma thermal conductivity, strongly coupled, homogenous
nonequilibrium molecular dynamics, force field strength, system size

1. Introduction

The thermophysical properties or physical properties of complex fluids are
changed with the variation of pressure, temperature, and composition of the mate-
rial, but the chemical properties remain unchanged. The phase transition of simple
and complex liquids is explained by thermophysical properties [1]. Thermophysical
properties consist of both thermodynamic and transport properties of fluid mate-
rials. Thermodynamic properties define the equilibrium conditions of the system
which consist of temperature, heat capacity, entropy, pressure, internal energy,
enthalpy and density whereas the transport properties include thermal conductivity,
diffusion viscosity and waves with its instabilities. These transport properties tell
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the transfer of energy and momentum to the system under consideration. The
transport and thermodynamic properties contain information about the physical
phenomena and help to design a system [2]. The thermal properties are calculated
through experimentally, computer simulations and can predict through theoreti-
cally. The essential transport coefficient of dusty plasma is thermal conductivity
and depends upon the internal energy of the particles. The thermal properties of
dusty plasmas are computed for a wide combination of dusty plasma parameters by
employing different computational techniques. It is a sensitive and complex
parameter from the computational point of view because it directly depends on the
internal energy of particles. At low temperature and high density, the thermal
property of complex liquids/nonideal gases (dusty plasma) is dissimilar from ideal
gases (H2, O2, N2, and H2O) at same higher system parameters. For the calculation
of transport properties, particular numerical models are proposed in order to inves-
tigate thermal properties for an extensive range of system temperature and density
values (Γ, κ). Complex fluids (dusty plasma fluids) have used for many purposes,
like power generation, semiconductors industry, cosmetics, paper industry, etc.

1.1 Significance of thermal conductivity

Thermal conductivity is the measurement of heat transfer rate in materials; the
experimental parameter gives the information at the microscopic level. It has
treated via theoretically based on kinetic theory, Boltzmann equation and linear
response theory. The management of thermal transport is in increasing demands in
the field of modern technologies. It plays a critical role in a wide variety of practical
applications, such as well-organized heat dissipation in nanoelectronics and heat
conduction hindering in solid-state thermoelectric. It is well established that heat
transport in semiconductors and insulators efficiently modulated by materials
processing or structural engineering. Though, practically all the existing approaches
include altering the original atomic structure of materials that would delay due to
either irreversible structure change or limited tunability of thermal conductivity.
The inherent relationship between phonon behaviors and interatomic electrostatic
interaction is the efficiently manipulating by thermal transport in materials funda-
mental thermal physical problems. Electronics cooling or high performance thermal
management systems here higher thermal conductivity is needed. Phonons play a
dominant role in the thermal transport of semiconductors and insulators [3]. Ther-
mal conductivity and mass transmission over a stretched heated surface with dif-
ferent effects have an abundant and extensive range of applications in various
engineering and industrial disciplines. These include glass blowing, extrusion pro-
cess, melt-spinning, design of heat exchangers, wire and fiber coating, glass fiber
production, manufacturing of plastic and rubber sheets, etc. Dusty plasma complex
liquids have used in various industries such as semiconductors, energy-powered
engineering industries, and microelectronics, and currently, they have vastly used
in the field of nanotechnology. It is very necessary to increases thermal conductivity,
which increases heat transfer rates. The main concept of the thermal conductivity
of different materials and fluids is to increase the transfer heat quickly [4].

1.2 Plasma

Plasma is an ionized gas that contains neutral particles (such as molecules,
radicals, and atoms) electrons and positively charged ions. In the universe, 99% of
physical matter is in the plasma state and the rest part of the world is only about 1%
[5]. In science and technology, plasma has extensive applications and exists in
various forms. In space, most of the visible things are in the plasma state, sun and
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stars are the significant examples of plasma in our universe. Constitutes of plasma
show different behaviors such as quasi-neutrality that comes when positive charges
and negative charges density becomes equal. Criteria of plasma at the laboratory
level must satisfy three conditions by which we can say that gas is in plasma state or
not at a given temperature and number of particles per centimeter cubic. These are
three conditions are: (i) ND ≫ 1, this mathematical condition shows that the num-
ber of particles inside the Debye sphere must be greater than unity; otherwise, that
particular gas at given temperature and number of particles per centimeter cubic is
not a plasma. Here, ND = 4

3 π n λ3D, where n is the number of particles, and λD is the

Debye length. The size of the Debye length depends upon temperature and density.
If the temperature is high, then the size of the Debye length will be large, and if the
temperature is low, the size will be small. If the density of plasma is large, then the
size of the Debye length will be small, and if the density of plasma is small, then the
size of the Debye length will be large, (ii) λD < L, the second condition shows that
the size of the ionized system must be greater than the Debye length. Here L is the
size of the ionized system, (iii) ωp > υc or Tc > 1, the third condition shows that
plasma frequency (ωp) must be greater than the collisional frequency (υc), where
1/ωp = Tc, here ωp is the plasma frequency and Tc is the mean time between
collisions with neutral atoms [6].

1.2.1 Types of plasmas

Plasma can be described based on different characteristics, such as density,
temperature, and degree of ionization of ionized gas. Based on these characteristics,
we can differentiate plasma into different types, which have succinctly discussed
below. The ratio between charged particles to the total number of particles, includ-
ing ions and neutrals, is proportional to the degree of ionization of plasma. The
charged particle collisions dominate in plasma if the degree of ionization is high. It
is low if the collisions between charged particles and neutrals have not dominated.
These types are given as (i) Cold plasma: the number of electrons and ions equally
exists in the positive column of a glow discharged tube in case of nonthermal
plasmas (cold plasmas) in the laboratory. The collisions between electrons and
neutral atoms depend upon the gas pressure; if the gas pressure is low, then colli-
sions between them are not frequent, and if the pressure of the gas is high, then
collisions are more frequent. The motion of gas molecules and ions have overlooked
as compared to the motion of electrons because electrons have very high energy
than that of the molecules of gas. That is why the nonthermal equilibrium does not
exist between them. In the case of cold plasma, the temperature sequence Te ≫ Ti

≫ Tg exists between electrons, ions, and gas molecules. In cold plasma, only the
electric forces had considered, and the magnetic effects can have ignored. The cold
plasma has various applications in different fields such as medical, for example, to
sterilize the surface medical instruments, meat, and meat products. For increasing
the surface energy of polymers, cold plasma technology has used. To increasing
printability and adhesion, the recently developed cold plasma technology has been
used. (ii) Hot plasma: hot plasma is also known as thermal or fully ionized plasma;
the collisions between ions and neutral particles are more frequently at high pres-
sure. The temperatures of both species are approximately equal that fulfill the basic
conditions of hot plasma (Te � Ti). In other words, we can say that in hot plasma,
all the species have the same temperature. In the hot plasma, the thermal agitations
of electrons, ions, and gas molecules cannot have ignored. In the case of hot plasma,
the number of charges present in the cloud around the charge ball will be less than
the charges on the ball. The screening is not perfect and there is the leakage of
electric potential in the order of KBT/e from the cloud. This leakage of electric
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potential is responsible for waves [5]. (iii) Ultracold plasma: the type of plasma
which happens at low temperature (�1 K) is known as ultracold plasma and it is
created in several atomic systems containing cesium, rubidium, xenon, calcium,
and strontium. Any atoms that can be simply laser-cooled and has a suitable laser
wavelength for photoionization have used to create ultracold plasma. The particles
have strongly interacted in ultracold plasmas because their thermal energy is less
than that of Coulomb energy between the adjacent particles [7]. (iv) Ideal plasma:
the type of plasma in which Coulomb collisions are negligible, and the potential
energy is minimal than the kinetic energy, then such kind of plasma is called ideal
plasma. This type of plasmas has small densities and very high temperatures.

1.2.2 Role of nonideal (complex) plasma

In nonideal plasmas, the Coulomb collisions are not negligible. The mean energy
of interparticle interactions increases by increasing the density. Nonideal plasmas
become when the mean K.E and the mean power of the interparticle interactions
become comparable. It can occur in the dense planetary atmosphere during the
hypersonic motion of bodies, as a result of simulation of matter by sharp shock,
concentrated laser radiations, detonation, and electric explosion waves and under
the powerful chemical and nuclear explosion conditions and electron and ion fluxes.
Because Coulomb collisions are active in nonideal plasmas, so, on the bases of
Coulomb coupling, the nonideal (complex) plasmas have categorized in two classes.
(i) Strongly coupled dusty plasma (SCDP) and (ii) weakly coupled dusty plasma
(WCDP). These two terms have described by using the plasma coupling parameter
Г of a collection of charged particles, which is the ratio between potential energy to
kinetic energy. Mathematically Coulomb coupling parameter is given as, Г = <P.E>/
<K.E> � Q2/dkBT. Strongly coupled plasmas, which are also known as nonideal
plasmas, are the collection of a multicomponent charged particle that interacts with
each other and remains at fixed positions. If the Coulomb coupling parameter “Г” is
more significant than unity (Г ≥ 1) then such type of plasma is called strongly
coupled plasma. It is also known as cold plasma. In the laboratory, such type of
plasma have generated at high density and low temperature. Due to significant
interactions between neighboring dust charged particles, it has found in different
phases, such as liquefy, liquid, cold liquids, and structural form. With the help of the
coupling parameter structure of matter can be determined. If the Г (Coulomb cou-
pling) parameter is less than 1 (Г < 1), then such type of plasma is called weakly
coupled Dusty plasma (WCDP) or ideal plasma and has no structure like a gas. In
weakly coupled Dusty plasmas, kinetic energy must be greater than the potential
energy (K.E > P.E). WCDPS has also recognized as hot plasmas, and particle motion
inWCPS is just like a molecular motion in gases. In hot plasma, thermal agitations are
present, and screening will not be perfect.

1.3 Complex (dusty) plasma and applications

Plasma consists of electrons, ions, and neutral atoms; in addition to dust parti-
cles is known as dusty (complex) plasma. Due to dust particles, the physical prop-
erties of the plasma become complicated; that is why we call them also complex
plasma. The study of dusty plasmas has become a developing branch of plasma
physics in the field of sciences, technologies, and space. The study of dusty plasmas
had become interesting for research of laboratory plasma when the formation of
dust and dust trapping was observed during the plasma etching of silicon wafers
and to limit the deposition rate when powder formation in plasma-enhanced CVD
was identified. Dust is present everywhere in the space, such as interplanetary dust
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in planetary rings and in comet tails, and also it have present in the atmosphere and
earth magnetosphere. These charged particles interact with each other and with the
plasma constituents such as electrons, ions, and neutral atoms due to which plasma
behavior becomes complicated [8]. These charged dust particles change the prop-
erties of plasma by electric and magnetic fields. The value of the Coulomb coupling
parameter between dust particles is high due to the massive dust charge, which
leads to the liquid and solid phase of the dust system at room temperature. For
study the phase transitions and structural properties of solids, Yukawa balls and
plasma crystals are appropriate systems. Plasma with dust particles can be termed as
either “dust in plasma” or “dusty plasma” depending on the ordering of several
characteristic lengths and radius between interacting particles (rd and λD). If the
Debye length of dust particles (λDd) is less than the interparticle distance (rd) then it
is called dust in plasma. Mathematically it is written as λDd < r. Here “rd” is the
interparticle distance, and “λDd” is the Debye length of dust particles. In this case,
there are no dust particles in the plasma sphere. If the Debye length of dust particles
(λDd) is greater than the interparticle distance (r) then it is called dusty plasma.
Mathematically it is written as λDd > r and it shows that dust particles are present in
the plasma sphere.

In industrial applications, dust particles distributed in the plasma and produced
disturbing effects in plasma. This contamination in the plasma has devastating
effects on the fabricated circuits. On the other side, applications such as surface
processing make the use of dust particles that have spread in the plasma. For
example, the growth of carbon-based nanostructures on the surface used for elec-
tronic devices such as sensors, silicon-based films which have used in solar cells,
and flat-panel displays illustrates an enhanced performance of nanoparticles pro-
duced in the plasma through chemical reactions, are inserted into the film. Through
plasma processing, the coating of particles has produced. Plasma-based materials
processing technologies have widely used in the manufacturing of integrated cir-
cuits. To etch, sputter, or modify the surface properties of silicon wafer, chemically
reactive plasma have used. The fine dust particles created in plasma chemical
systems have useful and exciting features that also control their compositions and
size. It has used to grow or modify existing materials.

1.3.1 Merits and demerits of dust particles

Initially, the dust has not considered a useful technological consequence in the
plasma. It has simply considered an unwanted pollutant in the plasma. To minimize
the negative influences of dust particles in the plasma leads to the development of
material science. The nanoparticles have considered as the basic building blocks of
nanotechnology in plasma discharges. There are many advantages of dust particles
in dusty plasmas such that nanocrystalline silicon particles have used to enhance the
lifetime and efficiency of silicon solar cells, which have developed in silane plasmas.
Dust particles have used to improve the surface properties of materials by applying
plasma-enhanced CVD systems. The thin films produced by PECVD systems of TiN
in an amorphous Si3N4 matrix have very high elastic modulus and hardness. In
hydrocarbon plasmas such as methane or acetylene, carbon-based nanostructures
have developed to govern thin carbon films, which lead to materials of high hard-
ness, wear-resistance, and chemical inertness. In Ar/CH4 plasmas, the fabrication of
nanocrystalline diamond films has done. These films have unique properties such as
high hardness, chemical inertness, and extreme smoothness [9]. Dust particles are
also used in the ceramic industry for sintering and in the fabrication of hard
coatings, and also used in optical devices. Dust particles decrease the performance
and the yield of many electronic devices. In the semiconductor industry, dust
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particles reduced the performance and yield of semiconductors. Dust particle con-
tamination in the medical field during the production of different kinds of medi-
cines has serious issues. The dust particles are of micron-sized, which reduces the
adhesion of thin films of different materials due to deposition on the surfaces and
also creates dislocations. In industrial applications, dust particles contamination in
the plasma creates many defects in the manufacturing of microchips and fabricated
circuits. Dust particles disturb the stability and the safety of the plasma in fusion
reactors.

2. Molecular dynamics simulations

Over the last seven decades, the computer performance’s speed to elementary
calculations has increased by 1015 factor. The computer memories, data storage also
increased at a similar speed. Nowadays, by using computer simulation, we can save
both time and money. The fundamental purpose of computer simulation is to guide
the real experiment more precisely. Computer simulations used to predict various
properties of gases, liquids, solids, and biological organisms. It is very useful for
checking theoretical results, understanding experimental observation for the case
where no academic data available. It also allows us to the identification of essential
processes and visualization of the system [10]. The molecular dynamics simulations
(MDS) one of the computer simulations techniques, in these technique atoms and
molecules, are assumed to follow Newton’s law as Fi = mai � md2r/dt2, where F, m
and a represent the force, mass, and accretions of ith particles in x-coordinate
direction. In this book chapter, we integrate this equation by the predictor-corrector
method. MDS has two basic types depends on the properties, which we are going
to calculate one is equilibrium molecular dynamics simulations (EMDS), and
another is nonequilibrium MDS (NEMDS). In this work, we have applied NEMDS
to investigate the thermal conductivity of SCDPs at different dusty plasma
parameters [11, 12].

2.1 Numerical model and algorithm

NEMDS is used to obtain the trajectory of dust particles’motion of a system [13]
that interacts with each other through an interparticle Yukawa potential [14].
Homogeneous nonequilibrium molecular dynamic simulation (HNEMDS) approach
have used for the calculation of thermal conductivity of complex (dusty) plasma
liquids, which are molded, using a most common Yukawa (screened Coulomb)
potential for charged particles [15] and has the following form,

ϕY rj jð Þ ¼
Q2

4πε0
:
e� rj j=λD

rj j
(1)

Here “r” is the magnitude of interparticle distance, Q is the charge of dust
particles, and λD is the Debye screening length. We have three normalized (dimen-
sionless) parameters to characterize the Yukawa interaction model ϕY rj jð Þ: (i) the

plasma Coulomb coupling parameter define as: Γ ¼ Q2=4πε0
� �

: 1=awskBTð Þ, where
aws is Wigner Seitz radius and it is equal to (nπ)�1/2, here n is the number of
particles per unit area (N/V). The kB and T are Boltzmann constant and absolute
temperature of the system, (ii) the screening strength (dimensionless inverse)
κ ¼ aws=λD, and (iii) normalized external force field strength, F ∗ ¼ FZð Þ: aws=JQ

� �

[15, 16]. We have applied periodic boundary conditions and Gaussian thermostat in
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canonical ensemble (NVT) in order to constant temperature for a Yukawa system.
The further detail of these three dimensionless parameters is given in our earlier
work of Refs. [15–17]. We started from a well-known, the Green-Kubo relations
(GKRS) for the hydrodynamic transport coefficients of uncharged particles [18].
This important GKRS of pure liquids have applied to calculate the thermal conduc-
tivity of 2D and 3D SCCDPS [11, 12, 19–27].

λ ¼
1

2kBAT
2

ð

∞

0

JQ tð Þ:JQ 0ð Þ
� �

dt, (2)

where in Eq. (2), kB is the Boltzmann’s constant, A is the system area,T is the
system temperature, and JQ is the current heat vector at time t of 2D case. In our MD
simulation, the angular brackets represent an ensemble average. In this model, the
expression for the microscopic heat current vector JQ [16, 17] can be given by

JQ tð ÞA ¼
X

N

i¼1

Ei
pi

m
�

1

2

X

i 6¼j

ri� rjð Þ:
pi

m
:Fij

� �

(3)

Where Fij is the total interparticle force at time t, on particle i due to j, rij = ri – rj
are the position vectors (interparticle separation), and Pi is the momentum vector
of the ith particle. Where, Ei is the total energy of particle i, and is given by the
expression as

Ei ¼
p2

i

2m
þ

1

2

X

i6¼j

ϕij (4)

Where ϕij is the Yukawa pair potential between particle i and j and given by

Eq. (1). Here, in Eq. (4) the first term represents the kinetic energy (K.E), and the
second term represents the potential energy (P.E). The Evan’s [28–30] proposed the
non-Hamiltonian linear response theory (LRT), has been used for a moving system
representing the equation of motion

_ri ¼
pi

m
(5)

_pi ¼
X

N

J¼1

Fi þDi ri,pi

� �

:Fe tð Þ � αpi (6)

In Eq. (6), Fi ¼ �∂ϕij=∂ri
� 	

is the total Yukawa interparticle force acting on

particle i in anN-particle system andDi ¼ Di ri,pi

� �

is the phase space distribution
functionwith ri and Pi being the coordinate andmomentum vectors of the ith particle.
Mechanical work is performed through the externally applied force field Fe tð Þ and thus
the equilibrium cannot be maintained. In the above expression, α is the Gaussian
thermostat multiplier that keeps the system temperature [15–22, 28] and it is given as

α ¼

PN
i¼1 Fi þDi ri,pi

� �

:Fe tð Þ

 �

:pi
PN

i¼1 p
2
i =mi

(7)

When an external force field parallel to the z-axis is of the form Fe tð Þ = (0, FZ),
in the limit t ! ∞ [15, 31] then, the thermal conductivity is calculated as
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λ ¼
1

2kBAT
2

ð

∞

0

JQz
tð ÞJQz

0ð Þ
D E

dt ¼ lim
Fz!0

lim
t!∞

� JQz
tð Þ

D E

TFz
(8)

In Eq. (8), JQZ
tð Þ is the z-component of the current heat vector and the external

force field Fe tð Þ = (FZ) [15–22, 31].
In this study we have used the same method as employed in our earlier work of

3D strongly coupled dusty plasmas [11, 12]. The most computational time consum-
ing part of used algorithm is to compute the interparticle interactions (force and
internal energy). It has been shown in our previous work that the proposed method
has advantage to calculate Yukawa forces and relevant energy in appropriate com-
putational time with reasonable computational power. In our present case, the
HNEMDmethod is used to compute the thermal conductivity of 2D plasma systems
and production stage of thermal conductivity is obtained between 106/ωp and 2 �
106/ωp time units for each plasma states. It shows that the used method is compu-
tational time cost-effective and power saving as compared to earlier methods based
on different numerical schemes [12, 14, 26, 27].

3. Simulation results and discussion

In this section, the processing of the data of our computer simulation gave us the
numerical results of the thermal conductivity of 2D complex (dusty) plasmas. We
have used HNEMD simulations over the wide range of plasma Coulomb Couplings
Г (═10, 500) and four higher Debye screening strengths к (═ 4.5, 5.0, 5.5, and 6) at
constant low normalized external force field strength F*(═0.02). In the present
work, our 2D SCDPs through HNEMD simulations have carried out for a constant
number of particles (N = 400) in a simulation box with edges length (Lx, Ly). We
have applied to the squared simulation box wraparound periodic boundary condi-
tions (PBC). For nonequilibrium conditions of the systems, we run our MDS code
200000 time steps. Here we have used constant dt = 0.001 in integrated equation
via predictor-corrector algorithm for the calculations of dust particles positions,
velocity and acceleration. For each time step, the position, velocity, acceleration and
forces of each spherical dust particles are calculated and update it. The HNEMD
method is more powerful for computing forces and energy of Yukawa interactions
and more effective as compared to earlier numerical methods of 2D and 3D ([13, 14,
23–27] and their references herein).

Figures 1 and 2 present the simulation results obtained by applying the Evan-
Gillan HNEMD approach of thermal conductivity (λ0) with appropriate normaliza-
tion (plasma frequency, ωp) as λ0 ¼ λ=nmωPa2, at the normalized external constant
force field strength F* (0.002) for 2D SCDPs systems. In every graph, demonstrate
the comparison of thermal conductivity present results with previously known 2D
SCDPs results that investigate through MD simulations techniques as GKR-EMD of
Khrustalyov and Vaulina [27] at the higher scaling factor (ξ = ∞), and NEMD
simulation data of Hou and Piel [26].

Figures 1 and 2 display the normalized thermal conductivity (λ0) calculated at
higher Debye screening strengths (к = 4.5, 5, 5.5, 6) with setting N = 400 particles
[22]. These Figures 1 and 2 have plotted between Coulomb coupling (Г) parame-
ter and normalized thermal conductivity (λ0) taken along the axis, x and y,
respectively. It is noted that our simulation results are in better accordance with
the earlier known numerical simulation results of 2D Yukawa liquids, at N = 400
[22]. It has investigated that, our new calculations for λ0 at the lower value of
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coupling Г (� 20) are lower than that of GK-EMD of Khrustalyov and Vaulina
(KV) at the higher factor of scaling ξ = ∞ [27], and higher than 2D-NEMD
estimations of Hou and Piel [26]. It is important to note that a constant behavior of
λ0 has examined at intermediate -higher Coulomb couplings (50 ≤ Г ≤ 500) at
constant force field F* � 0.02 [11], and well agreed with the previously known 2D
SCDPs numerical simulation results of GKR-EMD [27] and NEMD [26] estima-
tions. Moreover, it has observed that from the present simulation data, the exis-
tence of λ0 is present for the entire range of plasma coupling Г (10 ≤ Г ≤ 500) at
higher Debye screening (κ). The remains within an acceptable limited statistical
uncertainty and also confirming the earlier computer simulation calculations of

Figure 1.
Normalized plasma thermal conductivity (λ

0
) results from comparison versus coulomb coupling Г

(10 ≤ Г ≤ 500) (system temperature) for SCCDPS computed from HNEMD at higher Debye screening,
(a) к = 4.5 and (b) к = 5. Two-dimensional, GKR-EMD results of Khrustalyov and Vaulina (KV) [27] at the
higher scaling parameter (ξ = ∞), and NEMD results of Hou and Piel (HP) [26]: current results (with 400
particles).
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Shahzad and He [22]. The present simulation results show that the λ0 decreases
towards the higher Г along with increasing the Debye screening (к) [13]. It has
investigated that our calculation of λ0 for the lower value of Г indicates that the
interactions between the particles are very feeble, and the effectiveness of the
screening parameter is large, and the K.E of particles is maximum. At
intermediate-higher plasma coupling (50 ≤ Г ≤ 500), the present results are below
than the earlier 2D GKR-EMD numerical results of Khrustalyov and Vaulina [27]
at the higher parameter of scaling ξ = ∞ [11], and 2D NEMD simulation estima-
tions of Hou and Piel [24]. It has also observed that the presented simulation
results are in better accordance with the previously known numerical results of 2D

Figure 2.
Normalized plasma thermal conductivity (λ0) results from comparison versus Coulomb coupling Г (10≤ Г ≤ 500)
(system temperature) for SCCDPS computed from HNEMD at higher Debye screening, (a) к = 5.5 and (b) к = 6.
Two-dimensional, GKR-EMD results of Khrustalyov and Vaulina (KV) [27] at the higher scaling parameter
(ξ =∞), and NEMD results of Hou and Piel (HP) [26]: current results (with 400 particles).
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Yukawa liquids at a normalized constant force field strength of F* = 0.02. It is noted
from these figures, our 2D HNEMD simulation results of λ0 at the higher value of
Debye screenings (к = 4.5, 5, 5.5, 6) existing from nonideal state Г (=10) to a strongly
coupled liquid state Г (= 180) and further strongly coupled liquid state Г (=180) to
strongly coupled solid-state (180 ≤ Г ≤ 500). Figures 1 and 2 show that the λ0 exists
for lower plasma coupling Г ≤ 20, which is the clear contradiction with the previously
known simulation results of Donkó and Hartmann [13] where the λ0 have not found
at Г ≤ 20. Moreover, Figures 1 and 2 show that the present simulation results have
constant (straight line) behavior of λ0 with increasing coulomb coupling (Г). For
higher Debye screening (к) values for 2D SCDPS, that is the unlike to the simulation
results of Shahzad and He [22], where the λ0 displays a slightly growing behavior with
increasing Г for к = 4. The possible reason for the difference between the present
results and the previously known results of λ0 may be the numerical error among
HNEMD, NEMD, and GKR-EMD data.

It has proposed from these figures that measured results of λ0 are in good
accordance with earlier results at intermediate-high Γ. Nonetheless, a few outcomes
veer at the lower Γ points; however, all within the statistical limited uncertainty
range. Figures 1 and 2 demonstrates that the presented HNEMD approach may
accurately calculate the plasma thermal conductivity of strongly coupled complex
(dusty) plasmas. We have shown that the present approach has excellent execution,
and its exactness is exceptionally near to prior EMD and NEMD methods. It has
concluded that our results rely upon the plasma parameters of Coulomb coupling
and Debye screening strength, affirming previous simulations. Besides, it has dem-
onstrated that the position of minimum value of thermal conductivity shifts
towards higher Γ with an increase in κ, as expected in earlier numerical approaches.
It is noticed that the improved HNMED method is excellent for lower system sizes
with constant external force field strength, where the signal to noise ratio is
acceptable for equilibrium plasma thermal conductivity [31–33].

4. Summary

In this work, we have derived the plasma thermal conductivity of 2D SCDPs
liquids over a suitable range of plasma couplings (10 ≤ Γ ≤ 500) and screening
strengths (4.5 ≤ κ ≤ 6) at constant external force field strength by using HNEMD
approach. Calculations have carried out employing HNEMD are in reasonable
agreement with the earlier results measured from EMD and NEMD for SCDPLs.
New investigations show that the minimum values of thermal conductivity shifts
towards higher Γ with an increase of screening κ but remains within a reasonably
limited statistical uncertainty, confirming the earlier simulation results. It has
shown that the plasma thermal conductivity depends on plasma parameters (Γ, κ)
in 2D complex dusty systems that illustrate earlier results of SCCDPLs. This chapter
provides the understanding and investigation of the nonlinear regime of the
SCCNPs for a suitable low value of external force field strength. In future work, the
newly obtained results for thermal conductivity may be advantageous for develop-
ing new techniques of complex (dusty) plasmas diagnostics and also for improving
the current experimental techniques for understanding the many nonideal systems
like dusty plasmas, polymers, and biological and medical solutions The remarkable
outputs obtained from the successful development of employed model and can be
used by the research labs and academia for their validation. The general experi-
mentation on small scale and later on technological trials in industries will lead to
the use of this plasma property for technology development purpose.
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Abbreviations

SCCNPs strongly coupled complex nonideal plasmas
HNEMD homogeneous nonequilibrium molecular dynamics
Γ Coulomb coupling
κ Debye screening length
F* external force field strength
HNEMD homogenous nonequilibrium molecular dynamics
NEMD nonequilibrium molecular dynamics
MD molecular dynamics
InHNEMD inhomogenous nonequilibrium molecular dynamics
SCP strongly coupled plasma
EMD equilibrium molecular dynamics
λ thermal conductivity
λ0 normalized thermal conductivity
PBCs periodic boundary conditions
VP variance procedure
HPMD homogenous perturbed MD
N number of particles
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