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Co-Pt bimetallic nanoparticles �NPs� with icosahedral, decahedral, and truncated octahedral morphologies
are obtained by using effective semigrand canonical ensemble Monte Carlo simulation, which is based on the
second-moment approximation of the tight-binding potential. The simulation results show that Co atoms
occupy first the central site, then diagonal lines or adjacent vertices positions, finally the vertices and edges as
the Co mole fraction increases. We also study the binding-energy difference to investigate the relative structural
stability of Co-Pt bimetallic nanoparticles. Atomic-scale structural properties are investigated by structure
function and atomic pair-distribution function technologies. In the nanoparticles with about 0.50 Co mole
fraction at 100 K, the first-neighbor Co-Co, Co-Pt, and Pt-Pt distances are 2.51–2.54��0.01� Å,
2.57–2.58��0.01� Å, and 2.64–2.68��0.01� Å, respectively, which are all consistent with experimental val-
ues of around 2 nm NPs. The simulation results also show that the morphology, composition, and temperature
play an important role in the atomic-scale structural properties of the Co-Pt bimetallic nanoparticles.
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I. INTRODUCTION

In recent years, a lot of experimental and theoretical ef-
forts have been put into nanomaterials due to their dramati-
cally physical and chemical properties different from bulk
materials.1 Especially, bimetallic nanoparticles �NPs� are one
kind of these novel nanomaterials. Since the useful physical
and chemical properties, bimetallic NPs have been applied
extensively in many fields, such as electronics, magnetism,
optics, and chemical catalysis.1–5 The physicochemical prop-
erties depend distinctly on their structure, chemical compo-
sition, and temperature. Structure and chemical composition
have already attracted much attention both from
experimental6 and theoretical7–12 studies recently. There are
three common structures observed in these studies, that is,
icosahedron, decahedron, and truncated octahedron.13 Other
unconventional structures such as dodecahedron and planar
are also generated by recent literatures.14–19 It is also re-
ported that Co-Pt bimetallic NPs with Pt: Co atomic ratio of
1:1 or 3:1 present very high catalytic activity.20

Considerable experimental efforts have been put into syn-
thesis and characterization of Co-Pt bimetallic NPs.7,21–26

Co-Pt alloy films are synthesized by Lin and Gorman7 using
e-beam evaporation at substrate temperatures near 200 °C. It
is found that the perpendicular magnetic anisotropy is related
strongly to the good Co-Pt �111� texture. CoPt3 NPs are also
made by using NaBH4 as a reductant,27 and their results
show the CoPt3 NPs have a face-centered-cubic �fcc� crys-
talline structure with an average particle size of 2.6 nm.
Many experimental tools are used to characterize the struc-
tures or properties of Co-Pt bimetallic NPs, such as thermo-
gravimetry, differential thermal analysis, Fourier transform
infrared, transmission electron microscopy, and x-ray diffrac-
tion �XRD�. Phase transition of the CocorePtshell NPs from fcc
to face-centered tetragonal at annealing temperature above
550 °C is confirmed by electron and x-ray diffraction

patterns.1 In addition, structure transition from icosahedron
to fcc during growth is observed by grazing incidence �GI�
small-angle x-ray scattering and grazing GIXRD.13 However,
XRD pattern often shows a few peaks when it is applied in
NPs system. These poor-quality peaks make the traditional
technique unsuitable in structural characterization of atomic-
scale NPs. It is reported that high-energy XRD coupled to
atomic pair-distribution function �PDF� analysis is suited for
the structural study of materials at nanoscale.6,28–40 In addi-
tion, the PDF method can be used not only in experiment but
also in computer molecule simulation technology.41

The structural properties of Co-Pt bimetallic NPs are also
studied by many theoretical methods. Kinetic Monte Carlo
�MC� method is used to simulate the Co-Pt film growth
process.42 Global optimization and Monte Carlo simulation
based on tight-binding potential are both adopted by Rossi et
al.43 They observed that polyicosahedronlike, decahedron,
and fcc structures are the most stable for Co-Pt bimetallic
clusters with atom number N�100, 100�N�400, and
400�N�1000, respectively. Molecular-dynamics method is
carried out to simulate the growth process of isolated Co
clusters in gas phase. Good agreements both for the geomet-
ric structures and for the behavior of lattice contraction are
obtained by simulation results though comparing with ex-
periment, density-functional theory, and semiempirical
calculations.44 Density-functional theory is also used to study
the geometrical and magnetic properties of �CoPt�n �1�n
�5� bimetallic clusters.45

However, only a few research works have revealed the
effects of different morphologies, compositions, and tem-
peratures on the atomic-scale structural properties of Co-Pt
bimetallic NPs. For this purpose, we initially perform Monte
Carlo simulation based on a many-body potential derived
from the tight-binding model. Three different morphologies:
icosahedron �Ico type with 561 atoms�, decahedron �Dec
type with 561 atoms�, and truncated octahedron �TOh type
with 711 atoms� are all adopted. Then, all coordinates of
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simulation results are collected and transformed by the
atomic PDF technique into the atomic-scale structural prop-
erties. In this work, the computational models including ini-
tial NPs configurations, tight-binding potential, and Monte
Carlo simulation details are described briefly in Sec. II. Nu-
merical methods for the Debye equation and atomic pair-
distribution function calculated from atomic configurations
are presented in Sec. III. The results for morphology, com-
position, and temperature effects on atomic-level structural
properties are discussed in Sec. IV.

II. COMPUTATIONAL DETAILS

A. Initial NPs configurations

The initial atomic configurations of Co-Pt bimetallic NPs
with icosahedral, decahedral, and truncated octahedral mor-
phologies are taken from the work of Turner et al.46 These
initial morphologies contain 561, 561, and 711 atoms, re-
spectively. Snapshots of these initial morphologies are shown
in Fig. 1. Before starting the Monte Carlo runs, a relatively
short steepest-descent minimization is performed to relax the
lattice in the initial configurations. It is noticed that, in fact,
the initial configurations can be generated in different ways
without influencing the final configurations of the NPs of
interest.

B. Empirical Gupta many-body potential

Atom-atom interactions are modeled by the empirical
Gupta many-body potential, which is based on the second-
moment approximation of the tight-binding �TB-SMA�
potential.47 This potential has been shown to be highly accu-
rate in modeling of both metal alloys48 and monometallic
and bimetallic NPs.10,49,50 Moreover, this potential has the
ability of accounting for the surface relaxations and recon-
structions, so it is ideal for the model of Co-Pt bimetallic
NPs.42,51,52 Within the TB-SMA potential, the total energy of
a system with N atoms is expressed as follows:

Etotal = �
i=1

N

�ER
i + EB

i � , �1�

where the total energy Etotal is a sum of two terms: a repul-
sive term ER

i of Born-Mayer type and an attractive term EB
i

of band originated from the band structure. ER
i and EB

i can be
written, respectively, as

ER
i = �

i�j

Aij exp�− pij� rij

r0
� − 1� , �2�

EB
i = − ��

i�j

�ij
2 exp�− 2qij� rij

r0
− 1��	1/2

, �3�

where i and j represent the chemical nature of atom i and j,
respectively. rij is the interatomic distance between atom i
and j in NPs while r0 is the first-neighbor distance ri in pure
metals �i= j� or the average first-neighbor distance r0=

rii+rjj

2
between two pure metals �i� j�. In this study, parameters Aij,
�ij, pij, qij, and r0 of the TB-SMA potential are taken from
the literature52 and listed in Table I. These parameters have
been employed for the theoretical study of Co-Pt bimetallic
NPs with satisfying results.52 In order to investigate the
structural stability, we define the average binding energy Eb
as the negative quantity of averaged Etotal for N-atom system

Eb =
− Etotal

N
. �4�

C. Monte Carlo simulations

MC simulations of Co-Pt bimetallic NPs are performed in
the semigrand-canonical ensemble,53,54 in which the total
number of atoms �N=NCo+NPt�, temperature �T�, and chemi-
cal potential difference ���=�Pt−�Co� between the two spe-
cies are fixed. The algorithm allows the number of atoms of
each species to vary. The chemical composition at a given
temperature is therefore obtained by performing the MC
simulation at a fixed value of chemical-potential difference
�� between the two species. For the bimetallic NPs, the MC
simulation method includes two types of trial. �1� A small
displacement of a randomly selected atom from its original
position in a random direction, which corresponds to the re-
laxation and vibration processes. The magnitude of the dis-
placement is in the range �0,rmax�. The maximum displace-
ment rmax is dynamically adjusted in order to maintain the
acceptance rate of new configurations close to 0.5. �2� Ran-
dom selection of the chemical type of an atom, correspond-
ing to the fixed chemical-potential difference �� between
the two species and allowing the system to reach composi-
tional equilibrium. With this method, the segregation can be
well predicted at surfaces55–58 and interfaces.59 Moreover, the
similar algorithm is proved to be successful in the study of
the surface segregation of bimetallic nanoparticles.60,61 This
method is also used to obtain Co-Pt bimetallic NPs.

In our MC simulations, 108 steps are adopted for the total
simulation length to achieve the most stable structure. The
former 5�107 steps are performed to make the system

FIG. 1. �Color online� Snapshots of three initial
morphologies.

TABLE I. Parameters of TB-SMA potential for the Co-Pt bime-
tallic NPs.

Aij

�eV�
�ij

�eV� pij qij

r0

�Å�

Co-Co 0.189 1.907 8.80 2.96 2.50

Co-Pt 0.245 2.386 9.97 3.32 2.63

Pt-Pt 0.242 2.506 11.14 3.68 2.76
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equilibrium while the latter 5�107 steps are used to obtain
statistical structural properties such as atomic PDF.

III. PDF TECHNIQUE

As a frequently used method to investigate the atomic-
level structural properties, the PDF technique has been ap-
plied to the order and disorder analysis of bulk materials and
NPs.6,28–40 In order to obtain the PDF, atomic coordinates are
all used for quantitative calculating the scattering intensity
based on the Debye equation, which is used widely to the
structural analysis.62–64 The Debye equation is described as
follows:

I�Q� = D��
i=1

�
j�i

f i�Q�f j�Q�
sin Qrij

Qrij
, �5�

where D� is the Debye-Waller factor, rij is the interatomic
distance between the atoms i and j, and Q is the magnitude
of scattering vector

Q = 4	�sin 
�/� , �6�

where 
 is half of the angle between the incoming and out-
going x rays and � is the wavelength of the x ray used,
respectively.34 f�Q� in Eq. �5� represents the atomic scatter-
ing form factor and can be written approximatively in an
expression as follows:

f�Q� = 4	f
�sin 
�/�� = 4	��
i=1

4

ai exp
− bi�sin2 
�/�2� + c	 ,

�7�

where ai, bi, and c are fitting constant coefficients taken from
the International Tables for Crystallography.65 These fitting
coefficients have been found in effectively estimating the
values of the atomic scattering form factor.66 It should be
mentioned that the value of f�Q� equals to the electrons num-
ber itself at zero scattering angle.

Another important item to obtain PDF is the structure
function S�Q�,39 which can be generalized from the Debye
equation I�Q� by dividing the expression �i=1

N 
ci
2f i

2�Q��,

S�Q� =
I�Q�

�
i=1

N


ci
2f i

2�Q��

= 1 + D�
2

�
i=1

N


ci
2f i

2�Q��

��
i=1

�
j�i

cicjf i�Q�f j�Q�
sin Qrij

Qrij
,

�8�

where ci is the atomic concentration of species i �ci
=Ni /Ntotal�. Then, the structure function S�Q� can turn into
the corresponding PDF G�r� via Fourier transformation,
which can be expressed as follows:

G�r� = � 2

	
��

Q=0

Q=max

Q
S�Q� − 1�sin�Qr�dQ . �9�

As can be seen from Eqs. �5�–�9�, the PDF reflects both the
long-range atomic order and local structural imperfection in

nanomaterials. Also, the PDF does not require periodic
boundary condition in simulation methods. These advantages
make the new technique excellent application in NPs system
for atomic-scale structural properties analysis.

IV. RESULTS AND DISCUSSION

A. Structural properties

The snapshots of Co-Pt bimetallic NPs obtained by MC
simulations are shown in Table II. It is found that Co atoms
prefer to occupy the inside and Pt atoms are generally lying
on the surface. This phenomenon, which is also observed by
previous experimental1,67 and theoretical68,69 studies showing
that the Co-Pt bimetallic NPs have a perfect core-shell struc-
ture with Co atoms in the core site, attributes mainly to the
surface-energy difference between Co and Pt species. In
other words, the enrichment of Pt atoms on surface leads to
surface-energy minimization to keep stable geometrical
structure. By analysis of Ico-type snapshots, it is found that
Co atoms would like to occupy the central site and diagonal
lines at 9% Co mole fraction in Co48Pt513. In Co90Pt471, Co
atoms have already taken the main diagonal lines without
appearing on the surface, showing a symmetrical structure
along one centerline. When Co mole fraction reaches 43% in
Co243Pt318, Co atoms begin to occupy the vertices and edges.
More and more vertices and edges are occupied by Co atoms
in Co344Pt217. Finally, there are only a few independent Pt
atoms observed on the surface of Co490Pt71 with symbol “B”
in Table II. In the case of Dec-type snapshots, Co atoms
occupy the central site and adjacent vertices positions in
Co21Pt540. When Co mole fraction reaches 19% in
Co107Pt454, most of the adjacent vertices and midpoints of
edges are taken by Co atoms. As the increase in Co mole
fraction, Co atoms appear at the vertices in Co146Pt415. It is
noticed that a regular morphology cannot be kept by
Co485Pt76 with ��=0.8 eV, which maybe results from an
energy-driven and entropy-driven effect. It is also observed
in TOh-type snapshots that Co atoms occupy completely a
diagonal line without appearing at the vertices in Co57Pt654.
Another interesting phenomenon is that Co and Pt atoms
arrange alternately in partial Co337Pt374 with 47% Co mole
fraction, showing a pseudo-L10-ordered phase. The
pseudo-L10-ordered phase is also obtained on the �100� fac-
ets of Co493Pt218 with 31% Co mole fraction �see Fig. 11,
Ref. 72�. The observation of pseudo-L10-ordered phase is
well consistent with previous studies.43,68 In a word, as the
increase in Co mole fraction in Ico-type, Dec-type, and TOh-
type snapshots, Co atoms occupy first the central site, then
diagonal lines or adjacent vertices positions, finally the ver-
tices and edges.

Average binding energy Eb has been used to investigate
the stability of NPs.70 In this work, Eb is also studied on
Co-Pt bimetallic NPs with a Co:Pt atomic ratio of 1:3 and
listed in Table III. It is found that our computational Eb is in
the range of 5.33–5.37 eV, which is consistent with experi-
mental value.71 On the basis of the accurate Eb, the binding-
energy difference �Eb�Dec-Ico� is also performed and de-
scribed as follows:
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TABLE II. �Color online� Snapshots of Ico-type, Dec-type, and TOh-type Co-Pt bimetallic NPs with ��=0.2–1.0 eV at 100 K. Co and
Pt atoms are represented as gray and pink spheres, respectively.
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�Eb�Dec-Ico� = Eb�Dec� − Eb�Ico�, �10�

where Eb�Ico� and Eb�Dec� represent the average binding en-
ergy of Co-Pt bimetallic NPs with initial Ico-type and Dec-
type morphologies, respectively.

To compare the relative stability of bimetallic NPs with
different compositions, the relationship between �Eb�Dec-Ico�
and Co mole fraction at 100 K are shown in Fig. 2. It is
found that �Eb�Dec-Ico� is approximatively equal to Eb�Ico� at
0.00 Co mole fraction, showing that icosahedron and deca-
hedron are competing intensely for the most stable structure.
It is noticed that �Eb�Dec-Ico� increases to positive value at
low Co mole fraction, indicating an increase in the average
binding energy when a few Pt atoms are replaced by Co
atoms in Dec-type NPs. However, with the Co mole fraction
increases continuously, �Eb�Dec-Ico� decreases rapidly, espe-
cially in the range of 0.04–0.19. �Eb�Dec-Ico� transforms into
negative values up to 0.07 Co mole fraction. Therefore, Dec-
type NPs are more stable from 0.07 to 0.58 Co mole fraction.
When Co mole fraction is more than 0.77, �Eb�Dec-Ico�
changes dramatically, first fall rapidly and then rise fast. It
should be mentioned that Dec-type NPs cannot keep a regu-
lar morphology in this range. It is also found that the order of
structural stability is Dec-type and Ico-type morphologies in
the pure Co NPs. However, the morphology transition from
Ico-type to Dec-type is not observed in the snapshots. During
the MC simulations, we have to monitor some necessary
physical quantities to obtain the Co-Pt bimetallic NPs with
different compositions, such as potential energy and the
number of Co atoms in CoxPt561−x or CoxPt711−x. There are

two other important parameters we have to pay attention to,
that is, the overall acceptance rate for particles’ displace-
ments and changes of type. The two quantities are close to
50% and in the range of 0.5–20 %, respectively.72

B. Analysis of PDFs with different morphologies

In order to study the structure of Co-Pt bimetallic NPs at
atomic level, structure functions S�Q� are also calculated.
Aiming at comparing with experimental result, the 1:1
atomic ratio Co-Pt bimetallic NPs are mainly discussed be-
low. Structure functions S�Q� for total atom pairs with Ico-
type, Dec-type, and TOh-type morphologies and about 0.50
Co mole fraction at 100 K are displayed in Fig. 3. It is found
that there are only a few well-defined peaks due to the finite
nanoscale size effect in NPs system. These peaks in the scat-
tering patterns are very sensitive to the fivefold symmetrical
structure in the Ico-type and Dec-type NPs. In the case of
Ico-type NP in Fig. 3�b�, one broad peak locating at
3.05 Å−1 can be identified. When Q value is up to 3.33 Å−1,
what is observed is only oscillating component. S�Q� of Dec-
type NP shows less peaks while TOh-type S�Q� have four
noticeable peaks positioned at 2.97 Å−1, 3.40 Å−1,
4.84 Å−1, and 5.66 Å−1, respectively. These peaks in S�Q�
with TOh-type structure indicate a better local atom arrange-
ment than other type NPs. It is also found that the first peaks

TABLE III. Average binding energy Eb for CoPt3 NPs with Ico-type, Dec-type, and TOh-type morpholo-
gies at 100 K. Experimental value �Ref. 71� is also introduced for a comparison with our results.

Ico-type
Co0.25Pt0.75

Dec-type
Co0.26Pt0.74

TOh-type
Co0.28Pt0.72

Experimental
value �Ref. 71�

Eb /eV 5.37 5.34 5.33 5.33

FIG. 2. �Color online� �Eb�Dec-Ico� versus Co mole fraction at
100 K. Eb�Ico� is in red dashed line and set to 0 as a base line.
�Eb�Dec-Ico� is in green circles line.

FIG. 3. �Color online� Calculated structure functions S�Q� for
total atom pairs with Ico-type, Dec-type, and TOh-type morpholo-
gies and about 0.50 Co mole fraction at 100 K. S�Q� for total atom
pairs is also compared with experimental result taken from Penuelas
et al. �Ref. 13�. Our calculated S�Q� is in solid lines and experi-
mental result is in dashed lines.
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positions are different, that is, 3.05 Å−1, 3.02 Å−1, and
2.96 Å−1 for Ico-type, Dec-type, and TOh-type NPs, respec-
tively. As expected, this is mainly due to the different atom
arrangements in these NPs. Our computational S�Q� has a
comparison with experimental scattering patterns,13 which
are also listed in Fig. 3. It is indicated that the structure
functions S�Q� of simulation are in well agreement with the
experimental data.13 However, computational S�Q� values
are slightly different from experimental values at low
Q��2.65 Å−1� or high Q��3.65 Å−1�, mainly caused by
different NPs size. Furthermore, the structure functions S�Q�
for Co-Co, Pt-Pt, and Co-Pt atom pairs can also be obtained
by Eq. �8� and show similar characters to that for total atom
pairs �see Fig. 12, Ref. 72�. In general, such patterns are very
difficult to be analyzed for obtaining atomic-level structural
properties. Hence, a new technique called atomic PDF is
adopted in this work to investigate the atomic arrangement of
Co-Pt bimetallic NPs.

Atomic PDFs with three different morphologies are per-
formed and shown in Fig. 4, which show several well-
defined peaks below 10.00 Å. Whereas, peaks of atomic
PDFs reduce as the increase in interatomic distance r and
even decay to zero up 20.00 Å below the average particle
size. The decays of the intensity in PDFs are mainly assigned
to the finite nanoscale size effect �assuming spherical shape�,

giving an idea of the so-called “coherent domain size” of the
NPs. It should be mentioned that the first peak position cor-
responds to the first-neighbor atom distance. From the en-
larged first peaks in Fig. 4, we can find that the first-neighbor
atom distances are slightly different with Ico-type, Dec-type,
and TOh-type morphologies. The shift of the first peak posi-
tions is also observed in the first-neighbor Co-Co, Pt-Pt, and
Co-Pt distances �see Fig. 13, Ref. 72�. To compare with ex-
perimental values of around 2 nm NPs and bulk, the first-
neighbor Co-Co, Pt-Pt, and Co-Pt distances are summarized
and listed in Table IV.

It is seen in Table IV that the first-neighbor Co-Co, Pt-Pt,
and Co-Pt distances obtained through PDFs analysis are well
consistent with experimental around 2 nm NPs, which has
the similar size with our Co-Pt bimetallic NPs obtained
through MC simulations.73 In details, the first-neighbor
Co-Co distances with Ico-type, Dec-type, and TOh-type mor-
phologies are 2.53�0.01 Å, 2.51�0.01 Å, and
2.54�0.01 Å, respectively, which are very close to
2.508��0.005� Å in experimental measurement.73 The first-
neighbor Co-Pt and Pt-Pt distances are in the range of
2.57–2.58��0.01� Å and 2.64–2.68��0.01� Å, respec-
tively, which are both in agreement with 2 nm NPs of
2.564��0.006� Å and 2.670��0.005� Å in experimental
study.73 The well match of the first-neighbor atom distances
between the model and experiment for the around 2 nm NPs
validates the excellent employ of MC simulation and PDF
methods to investigate the atomic-scale structural properties
of bimetallic NPs in this study.

C. Analysis of PDFs with different Co mole fractions

Aiming at understanding the composition effect on the
atomic-scale structural properties, total atomic PDFs for dif-
ferent Co mole fractions are shown in Fig. 5. It is found that
the PDFs for Co0.87Pt0.13 �symbol “A”� and Co0.77Pt0.23 NPs
show less features than others, that is, their peaks vanish at
very short interatomic distance. This is mainly caused by the
irregular structure of Co-Pt bimetallic NPs with ��=0.7 and
0.8 eV. On the other hand, it is found that the first peak
positions shift from 2.68 to 2.41 Å as the increase in Co
mole fraction resulting from the substitution Pt atoms for
smaller Co atoms. From the shift of the first peak positions,
it can be validated that composition plays an important role
in the first-neighbor Co-Co, Co-Pt, and Pt-Pt distances,
which are summarized and plotted in Fig. 6 as following
discussion.
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FIG. 4. �Color online� Calculated atomic PDFs for total atom
pairs with three different morphologies and about 0.50 Co mole
fraction at 100 K. First peaks of these curves are given as an inset
on enlarged scale. The solid arrows represent the average size of
Co-Pt bimetallic NPs �assuming spherical shape� while the dashed
arrows correspond to the first-neighbor atom distances.

TABLE IV. The first-neighbor Co-Co, Pt-Pt, and Co-Pt distances with three morphologies and about 0.50 Co mole fraction at 100 K. The
first-neighbor atom distances for around 2 nm NPs �Ref. 73� and bulk in experiment are also presented.

Ico-type
Co0.51Pt0.49

�Å�

Dec-type
Co0.50Pt0.50

�Å�

TOh-type
Co0.51Pt0.49

�Å�

Around 2 nm
NPs Co0.50Pt0.50 �Ref. 73�

�Å� Bulk

Co-Co 2.53��0.01� 2.51��0.01� 2.54��0.01� 2.508��0.005� 2.507 �pure Co�a

Co-Pt 2.58��0.01� 2.57��0.01� 2.57��0.01� 2.564��0.006�
Pt-Pt 2.66��0.01� 2.68��0.01� 2.64��0.01� 2.670��0.005� 2.775 �pure Pt�a

aReference 47.
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To discuss the relationship between composition and first-
neighbor atom distance, we present the first-neighbor Co-Co,
Co-Pt, and Pt-Pt distances for different Co mole fraction at
100 K in Fig. 6. It is found in Fig. 6�a� that the first-neighbor
Co-Co distance is 2.51�0.01 and 2.50�0.01 Å at 0.09 and
0.16 Co mole fractions and has a maximal value
2.56�0.01 Å at 0.25 Co mole fraction. The first-neighbor
Co-Co distance begins to decrease as the Co mole fraction
increases continuously. At last, the first-neighbor Co-Co dis-
tance for pure Co NP is 2.42�0.01 Å, which is smaller than
that for bulk �2.507 Å�. A similar change has been found in
the first-neighbor Co-Pt distances, which are in the range of
2.52–2.62��0.01� Å. In the case of Pt-Pt, the first-neighbor
distances are from 2.44 to 2.68��0.01� Å. It is also found
that the first-neighbor Pt-Pt distance drops rapidly to
2.44�0.01 Å at point “B” in Fig. 6�a�. As can be seen in
Fig. 6�b�, the first-neighbor Co-Co, Co-Pt, and Pt-Pt dis-
tances are 2.41–2.61��0.01� Å, 2.54–2.63��0.01� Å, and
2.66–2.68��0.01� Å, respectively. The first-neighbor atom
distances with TOh-type morphology in Fig. 6�c� are
2.41–2.69��0.01� Å, 2.54–2.65��0.01� Å, and
2.62–2.68��0.01� Å, respectively. The first-neighbor
Co-Co and Pt-Pt distances in pure Co and Pt NP are smaller
than that in bulk �2.507 and 2.775 Å� due to the finite nano-
scale size effect and crystal lattice contraction or distortion
effect.5,24,73 It should be noticed that there are nonsmooth
transitions for the first-neighbor Co-Pt and Pt-Pt distances in
the range of 0.51–0.77 Co mole fraction, because bimetallic
NPs cannot keep regular morphologies.

In order to understand the quick drop at point B in Fig.
6�a�, the snapshots of Co490Pt71 and calculated atomic PDF
for Pt-Pt atom pairs are shown in Fig. 7. It can be seen that
the first peak splits and almost disappears while the second
peak is much more visible. By analysis of the snapshots, we
can find that Pt atoms are all separated on the surface and
there are much more Pt atoms next to Co atoms rather than
themselves. The very few Pt-Pt atom pairs in Co490Pt71 result

in the vanishing of the first peak in Fig. 7, and the inaccuracy
of the first-neighbor Pt-Pt distance at point B in Fig. 6�a�.

D. Analysis of PDFs with different temperatures

It is well known that temperature plays an important role
in the physicochemical properties of bimetallic materials.
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FIG. 5. �Color online� Calculated total atomic PDFs for different
Co mole fractions with TOh-type morphology at 100 K. Symbol A
represents Co622Pt89 with an irregular structure in Table II.
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respectively.
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Therefore, atomic PDFs for total atom pairs with TOh-type
morphology and about 0.50 Co mole fraction at 100, 300,
and 500 K are also performed and shown in Fig. 8. By con-
trast, the first PDF peak at 100 K is sharper than that at 500
K, which is mainly caused by the weaker thermal vibration at
lower temperature. Therefore, it is illustrated that tempera-
ture can exert an influence on the atomic-scale structural
properties of bimetallic NPs. It is also found that the first-
neighbor Co-Co, Co-Pt, and Pt-Pt distances are almost the
same under the temperatures of 100, 300, and 500 K. In
details, the first-neighbor Co-Co distances are
2.55�0.01 Å, 2.55�0.01 Å, and 2.54�0.01 Å at 100 K,
300 K, and 500 K, respectively. The first-neighbor Co-Pt
distances are 2.57�0.01 Å, 2.58�0.01 Å, and
2.59�0.01 Å while the first-neighbor Pt-Pt distances are
2.66�0.01 Å, 2.66�0.01 Å, and 2.67�0.01 Å, respec-
tively. The shift of the first-neighbor Co-Co, Co-Pt, and Pt-Pt
distances is within error. The enlargement of the first-
neighbor atom distances as the increase in temperature is not
observed in this study, because the phenomenon of thermal
expansion is always observed in experimental and theoretical
studies at higher temperatures, which are generally around
the melting point. What we adopt in our MC simulations is
only lower temperatures, such as 100, 300, and 500 K.

V. CONCLUSIONS

In summary, Co-Pt bimetallic nanoparticles with different
morphologies, compositions and temperatures are obtained
by using Monte Carlo simulation, which is based on the TB-
SMA potential for the atom-atom interactions. The simula-
tion results show that Co atoms prefer to occupy the inside
and Pt atoms are generally lying on the surface of bimetallic
NPs. As the increase in Co mole fraction, Co atoms occupy
first the central site, then diagonal lines or adjacent vertices
positions, finally the vertices and edges. Binding-energy dif-
ference is also performed to investigate the relative stability
of Co-Pt bimetallic nanoparticles with different morpholo-
gies. All coordinates of simulation results are collected and
transformed by the PDF technique into the atomic-scale
structural properties. It is found that the first-neighbor Co-
Co, Co-Pt, and Pt-Pt distances in the NPs with about 0.50 Co
mole fraction at 100 K are 2.51–2.54��0.01� Å,
2.57–2.58��0.01� Å, and 2.64–2.68��0.01� Å, respec-
tively, which are all in agreement with experimental values
of around 2 nm NPs. To sum up, morphology, composition,
and temperature all play an important role in the atomic-level
structural properties of Co-Pt bimetallic NPs.
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