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Abstract Molecular dynamics simulation has been

implemented for doping effect on melting tempera-

ture, heat capacity, self-diffusion coefficient of gold–

copper bimetallic nanostructure with 55 total gold

and copper atom numbers and its bulk alloy. Trend of

melting temperature for gold–copper bimetallic

nanocluster is not same as melting temperature

copper–gold bulk alloy. Molecular dynamics simu-

lation of our result regarding bulk melting temper-

ature is consistence with available experimental data.

Molecular dynamics simulation shows that melting

temperature of gold–copper bimetallic nanocluster

increases with copper atom fraction. Semi-empirical

potential model and quantum Sutton–Chen potential

models do not change melting temperature trend with

copper doping of gold–copper bimetallic nanoclus-

ter. Self-diffusion coefficient of copper atom is

greater than gold atom in gold–copper bimetallic

nanocluster. Semi-empirical potential within the

tight-binding second moment approximation as new

application potential model for melting temperature

of gold–copper bulk structure shows better result in

comparison with EAM, Sutton–Chen potential, and

quantum Sutton–Chen potential models.

Keywords Molecular dynamics � Quantum Sutton–

Chen potential � Self-diffusion coefficient � Gold–

copper bimetallic nanostructure � Modeling and

simulation

Introduction

Melting of small particle is one interesting topic of

early day of modern cluster science (Couchman and

Jesser 1977). The first of theoretical research regard-

ing melting temperature was on macroscopic frame-

work (Ross and Andres 1981). From a theoretical

point of view, melting of nanoalloys has been studied

by classical thermodynamic methods, (Valle et al.

2001; Liang et al. 2003; Shirinyan and Gusak 2004;

Jesser et al. 2004; Shirinyan and Pasichnyy 2005;

Shirinyan et al. 2006) while several systems have been

studied by computer simulations, which are very well

suited to analyze the melting process in detail. The

simulations have shown that nanoalloys may undergo

complex structural transformations before complete

melting (Jellinek and Krissinel 1999; Van Hoof and

Hou 2005). Many theoretical jobs have been done for

understanding how solid to liquid phase changes in far

below bulk limit (Berry and Wales 1989; Maillet et al.

1996; Bulgac and Kusnezov 1992; Kunz and Berry
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1993; Wales and Berry 1994; Kim and Tomanek 1994;

Luo et al. 1987; Doye and Wales 1998).

Nanoclusters are aggregation of atoms or molecules

of nanometric size, containing a number of constituent

particles ranging from 10 to 106 (Baletto and Ferrando

2005). There are unusual chemical and physical

properties in metallic nanocluster in comparison with

those metal bulk properties. Due to extended applica-

tion of metallic nanoclusters in heterogeneous catalysts,

electronic devices and microelectronic, investigation of

structural and dynamical properties of them are inter-

ested topics of previous literature (Ferrando et al. 2008;

Huang et al. 2003, Negreiros et al. 2012).

Applications of metal nanoclusters to heteroge-

neous catalysis have shown that good selectivity can be

achieved toward specific reactions by controlling the

catalyst surface composition (Bracey et al. 2009). Gold

nanoparticle catalysts are used mainly in selective

oxidation reactions and a broad range of organic

transformations besides possessing in hydrogenation

activity (Della Pina et al. 2008). Copper nanoparticles

are known to be active for the oxidation of alcohols to

aldehydes (Yoo and Li 2007). Therefore, by mixing the

two metals, Au–Cu bimetallic nanoclusters offer a way

to finely tune catalytic properties of these two metals.

Nevertheless, understanding their structural–thermal

stability relationship is a difficult task. Molecular

dynamic simulation is an ideal tool for investigating of

thermal physical properties such small cluster. Among

different bimetallic alloy nanoparticle catalysts, AuCu

catalysts have recently attracted interests for catalytic

oxidation of CO, benzyl alcohol, and propene (Liu

et al. 2008; Zhang 2012; Zhang et al. 2008) and for

partial oxidation of methanol to produce hydrogen

fuels. Previous literature shows that genetic algorithm

has been used to get optimum structure of gold–copper

bimetallic nanocluster up to 56 atoms with Gupta

potential model (Darby et al. 2002). Global optimiza-

tion techniques and molecular dynamics simulations

are extended to investigate the structure and the

chemical order of AuCu bimetallic nanocluster clus-

ters, with different compositions (Toai et al. 2008).

Structural morphology of some bimetallic nanocluster

such as copper–silver, cobalt–gold, nickel–rhodium

has been investigated by Panizon et al. Small impuri-

ties convert morphology transitions from crystalline to

icosahedrons (Ih) structures that can release some

strain at the core of Ih matrices (Panizon et al. 2014).

Single impurity metal has significant effect on melting

temperature of metallic nanoparticle (Mottet et al.

2005). Molecular dynamics simulation shows that for

melting of bimetallic nanocluster Ag–Ni, Ag–Co,

melting phenomena occur from silver surface atom at

shell of cluster however Ni and Co atoms remain solid

in the mentioned bimetallic nanocluster (Kuntova et al.

2008). Calculation local pressure shows that impurity

has significant effect on local streets in metallic

nanoparticle (Laasonen et al. 2013).

Experimental results show that the Ih phase struc-

ture can be stabilized with the addition of some

impurities. Previous literature shows that Ag55 and

Cu55 have the Ih structure whereas Au55 cluster has a

low-symmetry C1 structure (Huang et al. 2008).

Previous study shows that a single Cu atom makes

C1 structure in Au55 cluster which converts to the Ih

structure. As a result, melting temperature of Au55

with the presence of copper as a doping increases

significantly (Gao et al. 2010; Häkkinen et al. 2004,

Xing et al. 2005; Cheng et al. 2006). It is well known

that the melting temperature of Au55 (380 K) is much

lower than that of Cu1Au54 (530 K) (Sankaranaraya-

nan et al. 2005). A Cu–Au cluster does not experience

a smooth transition from a pure Cu-like behavior to a

pure Au cluster with a decrease in the concentration of

Cu. The thermal behavior of Cu–Au is mainly

influenced by the presence of Cu atoms in the

bimetallic structure (Rodriguez-López et al. 2003).

Studies of phase conformations and thermal behavior

of AuCu binary clusters by classical molecular

dynamics simulations showed that the cluster size,

the concentration in the alloy, and the annealing

temperature have a dominant effect on this morphol-

ogy reconstruction process (Yin et al. 2012). For

example, when the starting morphology is of a

cuboctahedral type, by changing the concentration of

copper from 50 to 10 %, an optimum stability of an

icosahedral-type morphology is found at a bimetallic

concentration of gold 75 % and copper 25 %, in fair

agreement with experimental reports (Taherkhani

et al. 2014). In small of nanostructure surface-to-

volume ratio is large, and then surface effect has

significant contribution on physical quantities such as

transport properties, melting point, and thermal energy

(Huang and Balbuena 2002; Akbarzadeh and Tahe-

rkhani 2013; Taherkhani et al. 2012).

The knowledge of diffusion behavior is of interest

for production of metallic materials and for their

practical use in the near phase transition. In this base,
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investigation is performed on the Pt–Pd (Sankarana-

rayanan et al. 2005), Cu–Ni (Huang and Balbuena

2002), Pt (Akbarzadeh and Parsafar 2009), Au–Pd

(Mejı́a-Rosales et al. 2006), and Fe–Al (Mehrer et al.

1997) systems. In all cases, self-diffusion coefficient

increases with temperature. Self-diffusion coefficient

decreases with the pressure variable (Holzapfel et al.

2009; Lott et al. 2002).

Semi-empirical potential model has been used for

obtaining optimum structural of gold nanocluster with

size 38, 55, and 75 as well as density functional theory

(Garzón et al. 1998). A simple analytical embedded-

atom method (EAM) model has been extended for

seven fcc metals (Al, Ag, Au, Cu, Ni, Pd, and Pt) and

their binary alloys (Cai and Ye 1996). Dissolution of

one nanocrystal can be investigated via an ab initio

molecular dynamics method (Holmberg et al. 2014).

In present study, we show that the presence of the

impurity at the pure cluster affects on melting

temperature for gold–copper bimetallic nanostructure

as well as bulk structure. In this work, we study the

structure details and dynamic behavior of Au–Cu

nanoclusters for the gold–copper bimetallic nanoclus-

ter. We explore variation of the heat capacity, self-

diffusion coefficient, and structural energy with tem-

perature and doping variables. Comparison of melting

temperature of bulk gold–copper alloy has been done

with different potential models.

MD simulation details

In classical MD, each particle is treated as a point

mass, and the motion is governed by Newton’s second

law. After solving Newton equations and getting

velocity and position of all particles versus time, the

thermodynamic properties of system can be obtained

from time averages over the ensembles of particles.

Molecular dynamics simulations were done in the

constant temperature ensemble (NVT) using the

Verlet algorithm for the integration of Newton’s

equations of motion, with a time step of one femto

second resulting in long simulation runs of 500 pico-

seconds (ps). Ensemble averaging has been done after

400 ps. The Nose–Hoover thermostat is used for

controlling the temperature of molecular dynamics

simulation with DLPOLY package (Smith and Todo-

rov 2006). The quantum Sutton–Chen (QSC) many-

body inter-atomic potential leads to an accurate

description of many properties of metallic system

with icosahedrons (Ih) geometrical symmetries and

their alloys. In this work, we have applied the QSC

inter-atomic potential to model the interaction in the

Au–Cu alloy clusters. A cut-off ratio for the range of

the interaction of 7.0 Å was used in all the cases. For

obtaining optimum structure of all component in nano

and bulk structure, first heating of system has been

done above melting temperature, and then during the

annealing technique cooling, the system have been

done with rate 3 9 1010 K/s slowly (Kim et al. 2008)

Potential function

Molecular dynamics simulations using DLPOLY were

used to gain insights into the melting process at the

atomistic level. Molecular dynamics simulation by

using DLPOLY package via different semi-empirical

potential models has been done on melting tempera-

ture of gold–copper bulk alloy. All the thermodynamic

and transport properties were obtained as time aver-

ages over the particle positions and velocities. The

local electronic density is included to account for the

many-body terms (Sankaranarayanan et al. 2005).

Based on the Sutton–Chen potential, the potential

energy of the finite system is given by

Utot ¼
X

i

Ui ¼
X

i

e
X

j 6¼i

1

2
vðrijÞ � cq

1=2
i

" #
; ð1Þ

where rij is the distance between atoms i and j, c a

positive dimensionless parameter, and e is a parameter

with the dimensions of energy. Parameter v(rij) is a

pair potential for including the repulsion of Pauli’s

exclusion principle,

vðrijÞ ¼
a

rij

� �n

: ð2Þ

The local density accounting for cohesion associ-

ated with any atom i is given by

qi ¼
X

j 6¼i

/ðrijÞ ¼
X

j 6¼i

a

rij

� �m

; ð3Þ

where qi is a local electron density accounting for

cohesion associated with atom i, and a is a length

parameter scaling all spacing (leading to dimension-

less V and q); n and m are both positive integer

parameters with condition n [ m.
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Sutton and Chen restricted values of m to be greater

than 6 and fitted it to give close agreement with the

bulk modulus and the elastic constants. The Sutton–

Chen potential predicts properties involving defects,

surfaces, and interfaces poorly. The quantum Sutton–

Chen potential includes quantum corrections and takes

into account the zero-point energy allowing better

prediction of temperature-dependent properties. The

QSC potential function was found to be better suited to

melting and phase transformation studies of bulk Cu–

Ni (Qi et al. 1999), Cu–Au (Qi et al. 2001), and Pd–Ni

(Özdemir et al. 2004) alloys. The QSC parameters for

Au and Cu are listed in Table 1 (Qi et al. 2001). Semi-

empirical potential derived within the tight-binding

second moment approximation by Cleri and Rosato

was applied to describe interactions for bulk systems

(Cleri and Rosato 1993).The parameters of mentioned

empirical potential can be defined with exact work

Cleri and Rosato (1993).

Self-diffusion coefficient

The self-diffusion coefficients for the two atomic

species were calculated from the slope of the mean-

square displacement (Taherkhani et al. 2010)

T(MSD). The self-diffusion coefficient:

D ¼ 1

4Ds
h ri t þ sð Þ � ri sð Þj j2i; ð4Þ

where Ds is the simulation time and ri refers to the

vector position of the molecule at time t. The ensemble

average is taken over all molecules in the system and

over several time origins. A linear least squares

regression is performed on the MSD curve to give the

slope from which the diffusivity at any temperature

can be found (Huang and Balbuena 2002). Information

regarding diffusion mechanism and its estimation

value can be investigated via scanning tunneling

microscopy experimentally (Huijben et al. 2006a, b).

Result and discussion

Solid–liquid phase transition in bulk Au–Cu alloy

Copper doping has been done on melting temperature

of gold–copper CuxAu55-x bimetallic nanostructure.

Sutton–Chen (SC) (Kart et al. 2005), quantum Sutton–

Chen (QSC) many-body (Kart et al. 2005), and EAM

(Lv and Chen 2011) potentials have been used for

investigation of solid–liquid phase transition of gold–

copper bulk alloy previously. For comparison and

validation of different potential models, we have

chosen semi-empirical potential model for investiga-

tion of melting temperature of copper–gold alloy in

bulk structure. Many techniques such as distortion

parameter (Akbarzadeh et al. 2013, 2014), thermal

conductivity (Taherkhani and Rezania 2012), self-

diffusion coefficient (Ala-Nissila et al. 2002), and heat

capacity (Taherkhani et al. 2012, 2014) can be used for

recognition of solid–liquid phase transition (Akbar-

zadeh et al. 2013). Chemical-ordering effect is inves-

tigated on phase transition of solid–liquid copper–gold

bulk structure. Heat capacity is used for investigation

of melting temperature of gold–copper bulk structure.

Heat capacity can be calculated from fluctuation of

internal energy as a following equation:

Table 1 Quantum Sutton–Chen potential parameter for cop-

per and gold atom

a (A0) C e (eV) m n Metal

4.07830 34.4280 1.27940E-2 8 11 Au

3.61530 39.75500 1.23860E-2 5 10 Cu

Table 2 Melting temperature for Cu, Au, AuCu3, AuCu, and CuAu3 bulk alloy with semi-empirical potential model, EAM, quantum

Sutton–Chen, and Sutton–Chen potential models and comparison melting temperature with experiment

Composition TEAM
m TSC

m TQSC
m TGupta

m
Texp

m

Cu 1,320.5 ± 1.5 1,150 ± 10 1,370 ± 10 1,338 ± 2 1,356

Au 1,182.5 ± 1.5 1,120 ± 10 1,420 ± 10 1,325 ± 2 1,336

AuCu3 1,240.5 ± 1.5 1,110 ± 10 1,340 ± 10 1,225 ± 2 1,250

AuCu 1,173.5 ± 0.5 – 1,360 ± 10 1,200 ± 2 1,185

Au3Cu 1,151.5 ± 1.5 1,020 ± 20 1,370 ± 10 1,220 ± 2 1,220
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CV ¼
dE2
� �

NVT

kBT2
; ð5Þ

where CV, hdE2iNVT, kB, and T are heat capacity,

fluctuation of internal energy in NVT ensemble,

Boltzmann constant, and temperature, respectively.

Caloric curve, derivative average configurational

energy with respective to the temperature, has been

used for getting heat capacity for present case of study.

Peak in heat capacity graph is proportional to the

melting temperature for pure and gold and its alloy in

bulk structure.

Result of melting temperature with semi-empirical

potential is represented at Table 2. According to

Fig. 1 Heat capacity for

Cu6Au49, Cu43Au12,

Cu18Au37, Cu28Au27,

Cu41Au14, Cu49Au6, and

Cu55 as a function of

temperature which is shown

at a–g, respectively
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Table 2, there is following order for melting

temperature:

Cu [ Au [ Cu0:75Au0:25 [ Cu0:25Au0:75

[ Cu0:5Au0:5

Simulation result for bulk melting temperature with

semi-empirical potential model shows good agree-

ment with available experimental data. On the basis of

Table 2, melting temperature with semi-empirical

potential shows a good agreement with available

experimental data in comparison with other potential

model such as quantum Sutton–Chen, EAM, and

Sutton–Chen potential models.

On the basis of Table 2, results for copper and gold

in bulk, solid–liquid phase transition are 1338 and

1325 K, respectively. Our results regarding melting

point for bulk copper and gold metal are consistence

with the experimental result 1356 and 1337 K,

respectively.

Solid–liquid phase transition in bimetallic

nanocluster Au–Cu

Molecular dynamics simulation has been used for

melting temperature of bimetallic Au–Cu system with

total atom 55. The most direct way to analyze the

thermal behavior is considering the heat capacity

versus temperature. For this purpose, we calculated

the heat at different temperatures; the melting tem-

perature (Tm) of the system would be located in the

point where heat capacity presents a jump in temper-

ature. Result of heat capacity for different chemical

compositions namely Cu6Au49, Cu43Au12, Cu18Au37,

Cu28Au27, Cu41Au14, Cu49Au6, and Cu55 gold–copper

bimetallic nanoclusters is presented at Fig. 1. The

melting point of bimetallic Au–Cu 55 atom nanoclus-

ters is examined with using the quantum Sutton–Chen

many-body potential function. Impurity effect on the

melting point for gold–copper bimetallic nanoclusters

is considered. Result of melting temperature as a

function of doping is presented as a Fig. 2. According

to Fig. 2, melting temperature of gold–copper bime-

tallic nanocluster increases with copper atom fraction.

Result of melting temperature via molecular dynamics

is compared to the Monte Carlo (MC) simulation with

semi-empirical potential (Cheng et al. 2006). Our

simulation result confirms MC result regarding melt-

ing temperature with impurity copper doping in gold–

copper bimetallic nanocluster. In both methods of

simulations, melting temperature increases with cop-

per doping in gold–copper bimetallic nanocluster.

Result of melting temperature shows that a different

application of potential model does not change trend

of melting temperature of gold–copper bimetallic

nanocluster with copper doping. Snapshot including

brown atom for Cu yellow atom for Au about

Cu12Au43, Cu6Au49, and Cu55 structures before and

after melting temperature is presented at Fig. 3a–f,

respectively. On the basis of Fig. 3, structure of

nanocluster is destroyed completely after melting

temperature, and it is completely set in solid phase

before melting temperature. Our result shows that

melting phenomena are started with the surface gold

atom at the shell of gold–copper bimetallic nanoclus-

ter; however, copper atoms stay solid in core of the

cluster. Trend of melting temperature for bulk gold–

copper is not same as melting temperature trend for

gold–copper bimetallic nanocluster. Surface energy

effect is an important phenomenon that observes in

nanosystem not in bulk structure. Previous literature

shows that surface energy of gold nanoparticle is less

than copper nanoparticle (Taherkhani et al. 2014). As

a result, most of gold atom moves on surface. Strength

of metallic bond for copper is greater than gold, as

well. From what has been discussed, it can be

concluded that meting temperature of gold–copper

bimetallic increases with more copper atom fraction

due to surface effect. On the basis of Fig. 2, melting

temperature for gold–copper bimetallic nanocluster is

lower than melting temperature of bulk structure

significantly. Average pressure tensor upon the inser-

tion of Cu impurities in Au icosahedra has been

calculated to see whether the stabilization of the

icosahedral structure is due to strain relaxation. Based
Fig. 2 Melting temperature versus copper fraction with MD

and MC methods
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Two snapshots of Cu12Au43 in the two temperatures 300 K and 700 K  
ba

Two snapshots of Cu6 Au49 in the two temperature 300 Kand 630 K  
     c                      d 

Two snapshots of Cu55 in the two temperatures 300 K and 800 K 
e  f

Fig. 3 Snapshot structure for Cu12Au43, Cu6Au49, and Cu55 before and after melting temperature with a–f. (brown atom, Cu; yellow

atom, Au)
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on the following equations for average pressure tensor

calculation (Laasonen et al. 2013),

rab
i ¼

1

Vi

X

i6¼j

oEi

ori;j

ra
i;jr

b
i;j

ri;j
: ð6Þ

Local pressure Pi for each atom i can be defined as a

following equation:

Pi ¼ �
1

3
TrðriÞ: ð7Þ

Average pressure for the nano cluster can be

defined as

�P ¼ 1

N

XN

i¼1

Pi; ð8Þ

P-, ri, ra
i;j, rb

i;j, Vi, and N are average pressure, stress

tensor, cartesian components of the vector ri,j with (a,

b = x, y, z), atomic volume, and number of atom in

nanocluster, respectively (Laasonen et al. 2013). Our

calculations regarding average tensor pressure for

Cu6Au49 and Cu27Au28 of gold–copper bimetallic

nanocluster are 0.0266 and -0.0822 GPa, respec-

tively. Average pressure analysis shows that for

Cu6Au49, pressure value is positive; however, for

Cu27Au28, average pressure is negative. As a result,

with copper doping, icosahedron gold–copper bime-

tallic nanocluster becomes stable due to lower stress,

and more melting temperature is expected.

Self-diffusion coefficient result

Molecular dynamics simulation has been performed

for calculation of self-diffusion coefficient. Self-

diffusion coefficient is calculated from the slope of

the mean-square displacement, Eq. 4. Result of self-

diffusion coefficient gold, copper versus temperature

is shown in Fig. 4 for Cu12Au43, Cu18Au37, and

Cu41Au14 bimetallic nanoclusters. On the basis of

Fig. 4 both self-diffusion coefficient values for copper

and gold increase as a function of temperature. Self-

diffusion result for each gold–copper composition

shows that there is a jump for both self-diffusions of

gold and copper atom near the its melting temperature.

On the basis of Fig. 4 for all compositions of gold–

copper bimetallic nanocluster namely Cu12Au43,

Cu18Au37, and Cu41Au14, self-diffusion of copper is

more than gold atom. Self-diffusion of gold and

copper atom in gold–copper bimetallic nanocluster is

greater that the bulk value (Butrymowicz et al. 1974)

due to surface effect in nanosystem.

Conclusion

Molecular dynamics simulation has been done for

investigation disorder effect on melting temperature,

self-diffusion coefficient, and heat capacity in copper–

gold bimetallic nanocluster. Molecular dynamics

simulations regarding melting temperature of gold–

copper bimetallic nanocluster with total 55 atoms

show that melting temperature increases with copper

atom fraction due to lower surface energy and metallic

Fig. 4 Self-diffusion coefficient versus temperature for Cu12-

Au43, Cu18Au37, and Cu41Au14 with a–c, respectively
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bond energy of gold atom. Molecular dynamics

simulation with Quantum Sutton–Chen potential

model estimates melting temperature of gold–copper

bimetallic nanocluster around 600–800 K temperature

range which is lower than its bulk structure signifi-

cantly. Molecular dynamics simulation shows that

self-diffusion coefficient increases with temperature

and there is jump for self-diffusion coefficient, which

confirms solid-to-liquid phase transitions. On the basis

of molecular dynamics simulation, self-diffusion

coefficient of copper is greater than silver atom, and

self-diffusion value for copper and gold atom is

greater than those in bulk structure. Heat capacity has

been used for determination of melting temperature of

gold–copper bimetallic nanocluster. Molecular

dynamics simulation with semi-empirical potential

within the tight-binding second moment approxima-

tion has been used as a new application potential

model for melting temperature of gold–copper bulk

structure. There is following order for melting tem-

perature of gold–copper alloy in bulk structure:

Cu [ Au [ Cu0:75Au0:25 [ Cu0:25Au0:75

[ Cu0:5Au0:5:

Semi-empirical potential model for melting temperature

of bulk structure shows good agreement with available

experimental data in comparison with EAM, quantum

Sutton–Chen, and Sutton–Chen potential models.
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