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Molecular dynamics simulation has been performed to study the splitting of the second peak in

pair correlation functions of quasi-two-dimensional disordered film. A quasi-two-dimensional

inhomogeneous structural model, which contains both crystal-like and disordered regions, supports

the hypothesis that the splitting of the second peak is result of a statistical average of crystal-like

and disordered structural regions in the system, not just the amorphous structure. The second-peak

splitting can be viewed as a prototype of the crystal-like peak exhibiting distorted and vestigial

features. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793187]

Ultrathin disordered metal films with a thickness of one

or a few monolayers attract much attention, since they are

now available as epitaxial films on insulating substrates and

are, therefore, the best model systems for two-dimensional

(2D) conduction in metal systems.1 Disorder is known to play

an important role in the phase diagram of the superconductor

material at low temperatures and high magnetic fields.2

Significant effort is currently being invested in attempting to

understand theoretically the interplay between disorder and

the conductivity in 2D systems.3–5 Semiconductor technology

requires thinner and thinner films, so that the properties due to

restriction to thicknesses of a few monolayers become also

technological importance. Since the detailed atomic structure

and the restriction to a thickness smaller than the bulk mean

free path may modify the physical and chemical properties

dramatically, study of the disordered film becomes valuable

in material science and physics.6–8 Huang et al. reported the

accidental discovery of 2D amorphous silica supported on

graphene.9 They found that the images of 2D amorphous

silica contain both the crystalline and amorphous regions.

Lichtenstein et al. studied the interface between a crystalline

and amorphous phase of silica film supported by the Ru(0001)

substrate.10 The atomic structure of the topological transition

from a crystalline to an amorphous phase in the thin silica

film can lead to a better description of the crystal-to-glass and

the liquid-to-glass transitions. Although there has been much

progress in the understanding of the properties of amorphous

materials in three-dimension,11–13 some important questions

on the microstructural feature and its forming mechanism of

the 2D disordered films have remained unanswered.14–16

Therefore, further studies on the atomic structures of the 2D

disordered systems and their physical proprieties are neces-

sary. In general, pair correlation function (PCF) methods can

provide a useful way to accurately estimate the mass density

of thin layers of amorphous materials, which serves as a key

test for the structural models of 2D amorphous materials. It

also yields central information reflected by the short-range

order and medium-range order, i.e., it makes it possible to

obtain the global structural information on the atomic struc-

ture of 2D systems at different length scales.

A splitting of the second peak in the PCF curve in three-

dimensional materials is usually regarded as a characteristic

indication of disordered structure forming.17,18 However,

owing to the lack of one dimensionality as well as the differ-

ence of atomic arrangement, the explanation on the second

peak of the PCF in 2D systems should be clarified. In addi-

tion, previous studies are usually based on the viewpoint of

how the clusters connect to each other to form a large super-

cluster with a specific geometric structure. Due to the fact

that the PCF is the statistical average of the atomic configu-

ration, it seems more appropriate to use the statistical meth-

ods to interpret the nature of the splitting of the second peak

in the PCF in 2D system. Actually, fewer efforts have

focused on the relation between the splitting of the second

peak and the crystalline or glass formation of 2D disordered

films by statistical average analysis. This unsatisfactory state

has hindered not only the evaluation criteria of amorphous

materials but also the clarification of the mechanism of the

liquid-glass transition. Disordered structures are usually

obtained by rapid cooling process. In order to understand

these questions well, it is necessary to investigate the struc-

tural evolution of liquid-glass transition. 2D film system is

believed to be convenient to monitor the global structural in-

formation in the liquid-glass transition.19,20 Therefore, the

main purpose of this study is, using molecular dynamics

(MD) simulation, to provide a statistical explanation on the

nature of the splitting of the PCF in the 2D system.

Simulations were performed using the embedded atom

method (EAM) potential21 supplied in LAMMPS.22 A system

with 6400 Cu atoms distributed in a 20� 20� 1 lattice unit

box was employed to model the quasi-two-dimensional Cu.

Periodic control was exerted on the x-and y-directions of the

box, and the z-direction was nonperiodic. Specially, the

lower boundary of the simulation box along the z-direction

(not refer to atoms) was fixed, while the upper boundary was

free. That was to say, a virtual wall was set at the lower edge

of the simulation box in the z-direction, which is similar to

a)Electronic mail: lihuilmy@hotmail.com.
b)Electronic mail: tclili@inet.polyu.edu.hk.

0003-6951/2013/102(7)/071907/4/$30.00 VC 2013 American Institute of Physics102, 071907-1

APPLIED PHYSICS LETTERS 102, 071907 (2013)

Downloaded 02 Aug 2013 to 158.132.161.240. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4793187
http://dx.doi.org/10.1063/1.4793187
http://dx.doi.org/10.1063/1.4793187
mailto:lihuilmy@hotmail.com
mailto:tclili@inet.polyu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4793187&domain=pdf&date_stamp=2013-02-21


the substrate in experiment.22 The initial box lattice was set

to 3.61 Å, and the initial positions of the atoms were

arranged in the light of the fcc crystal structure. The MD

time step was chosen as 1 fs. The temperature was controlled

by a Nose-Hoover thermostat.23 First, the well-equilibrated

liquid was prepared by gradually heating the ideal crystal

from 1 to 1800 K at a low heating rate, then relaxing it at

1800 K for 30 ps. Next, the liquid system was quenched to

T¼ 300 K at different cooling rates, varying from 10 to

500 K/ps. At each given temperature, the atomic configura-

tions were recorded for further analysis.

The PCFs of the quasi 2D Cu are shown in Fig. 1. It is

worth noting that the main peak height of the PCFs, which

represents the nearest-neighbor shell, increases significantly

with the decreasing temperature, and the second peak begins

to split. As shown in Figs. 1(a) and 1(b), at the cooling rates

of Q1¼ 500 K/ps and Q2¼ 250 K/ps, the second peak begins

to split into two subpeaks at 633 K. Interestingly, a small

shoulder peak appears between the first and second peaks at

300 K in Fig. 1(b), which means the short- or medium-range

ordered structures form. With the cooling rate decreasing to

Q3¼ 100 K/ps, the splitting emerges at 800 K; moreover, the

small shoulder peak between the first and second peaks arises

on the left at 300 K with significant height, which indicates

that the length of the ordered structure is further extended to

a large scale. At the cooling rate of Q4¼ 10 K/ps, the left

shoulder peak arises at 633 K and becomes more prominent

than the right subpeak as the temperature decreases, suggest-

ing that the orientation of the crystalline structure becomes

more consistent. It is widely known that the atomic structure

of amorphous materials is similar to that of liquid metals, and

the fact that the second peak of the PCFs splits into two sub-

peaks is regarded as a characteristic indication of disordered

structures. However, this is not the true case in two-

dimensional systems. As shown in Figs. 1(c) and 1(d), the

evolution of the PCFs clearly indicates how the second-peak

splitting converts into crystal peaks. For example, as shown

in Fig. 1(d), at 800 K, the splitting of the second peak of the

PCF appears, but at 633 K, the splitting of the second peak

becomes three peaks, and finally these three peaks evolve

into three typical crystal peaks at 466 K. Based on this evolu-

tion trend, it can be seen that the splitting second-peak has a

close relationship with crystal peak, and that the splitting

second-peak is the rudiment of the crystal peaks. Our simula-

tions do not support other hypothesis which states that the

splitting of the second peak occurs as a result of the connec-

tion of some small clusters to a supercluster with a special

geometrical structure.

In order to further clarify the origin of the splitting of the

second peak, the structural configuration of the quasi 2D Cu

at 300 K at the cooling rate of Q2¼ 250 K/ps is supplied in

Fig. 2. The LAMMPS software22 defines a computation that cal-

culates the common neighbor analysis (CNA) pattern for

each atom in the group,24,25 which is described according to

the Honeycutt and Andersen bond analysis.26 In solid-state

systems, the CNA pattern is a useful measure of the local

crystal structure around an atom. Generally, there are five

kinds of CNA patterns that LAMMPS recognizes, which are

defined as follows: fcc¼ 1, hcp¼ 2, bcc¼ 3, icosohedral¼ 4,

and unknown¼ 5. The first three indices are all “crystalline.”

Also note that the CNA calculation in LAMMPS uses the neigh-

bors of an owned atom to find the nearest neighbors of a

ghost atom. It is seen that the overall atomic structure consists

of two types of regions: the well-organized region with

crystal-like order and the fully disordered region with some

packing frustration. Our theoretical results are in good agree-

ment with the experiments by Huang and Lichtenstein,9,10

which prove our MD simulation result is reliable. It is also

worth noting that in the disordered region there are some sin-

gle strings, arcs, and rings which clearly illustrate the packing

frustration of the atoms in the quick cooling process. In fact,

Fig. 2(a) shows that the structure of the quasi 2D amorphous

Cu is the mixture of crystal-like and fully disordered struc-

tural regions with a certain percentage. The local PCFs in

these two distinct regions differ from one another. As shown

in Figs. 2(b)–2(d), the local PCFs of the crystalline region

have some crystal-like subpeaks, showing typical crystalline

features, while the local PCFs in the fully disordered struc-

tural region show no splitting on the second peak. However,

the global PCFs averaged by the overall atomic structures of

FIG. 1. PCFs of the quasi 2D Cu during cooling with four different cooling

rates (i.e., 500, 250, 100, and 10 K/ps). The brown curve represents the PCF

without the splitting of the second peak, the blue represents that with the

splitting of the second peak, and the green is the typical crystal peak.

FIG. 2. (Left) Local atomic arrangement of the quasi 2D Cu at 300 K with

the cooling rate of Q2¼ 250 K/ps. Blue: atoms with crystal-like ordering;

others: fully disordered ordering. (Right) From top to bottom: PCF curves of

the local crystal-like region, fully disordered region and global region.
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the two types of regions show a slight splitting in the second

peak. It is known that the PCF is the statistical average of the

structural configuration, thus, the slight splitting of the global

PCF is caused by the combined average results of the crystal-

like and fully disordered regions. Moreover, the very similar

results are also obtained for the simulations of the quasi 2D

Co, which indicate the coexistence of crystal-like and fully

disordered regions. The splitting of the second peak in 2D

systems may not be the signature of the glass formation, but

the appearance of both the crystal-like and disordered struc-

tures. The splitting second-peak can be viewed as an embry-

onic form of the crystal peak.

The above results arouse us to further investigate the ori-

gin of these two subpeaks in the second-peak splitting. Fig. 3

shows the respective PCF curves of the liquid, amorphous,

and ideal crystalline solid Cu. It is known that in ideal fcc

crystal there are four nearest coordinated shells, namely,

R1¼ 2.55 Å, R2¼ 3.61 Å, R3¼ 4.44 Å, and R4¼ 5.12 Å.

The positions of the first peak in both the liquid and amor-

phous Cu correspond to the ones in the ideal fcc crystal at

R1¼ 2.55 Å, while the second peaks correspond to three

peaks of the ideal fcc crystal at the locations R2¼ 3.61 Å,

R3¼ 4.44 Å, and R4¼ 5.12 Å. From the correspondence of

the peak positions and the evolution trend, it is concluded

that the two subpeaks on the second peak are due to the

appearance of a small amount of the short-or medium-range

ordered structures.

Fig. 4 shows the fraction of the crystal-like regions with

the temperature at different cooling rates. If the splitting

occurs on the right without the left subpeak, this point is la-

beled with a blue arrow, while if both the left and right sub-

peaks appear, it is labeled with a red arrow. According to

this rule, Fig. 4 may be divided into three zones. When the

fraction of the crystal-like region is less than 18.5%, it

belongs to the non-splitting region corresponding to the fully

disordered structure in the liquid state. If the fraction of

crystal-like region exceeds to 50%, the left shoulder subpeak

appears, which indicates it almost becomes the polycrystal-

line structure. However, if the fraction ranges from 18.5% to

50%, it is the mixture of the disordered and crystal-like

structural regions, which results in the splitting second peak

of the PCF. The disordered structure in two-dimension may

be a simple mixture of crystal-like and fully disordered

region, which sheds a new light on the understanding of the

atomic structure of the low-dimensional materials.

In summary, the origin of the splitting of the second

peak in PCFs is a statistical result of the disordered and

crystal-like ordered structure with a certain percentage rather

than the fully disordered structure. The results show that the

shoulder peak on the left side of the second peak is due to

the appearance of a small amount of the short-or medium-

range ordered structures. The structure in 2D disordered film

may be a simple mixture of the crystal-like and disordered

structural regions. These findings provide physical and

dynamic insights into the solidification feature of the quasi

2D systems.
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