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Strain distributions of confined Au/Ag and Ag/Au nanoparticles”
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The strain distributions of Au/Ag and Ag/Au nanoparticles confined in the Al,O3 matrix with different core sizes are
investigated by using the finite element method, respectively. The simulation results clearly indicate that the compressive
strains exerted on the Au/Ag and Ag/Au nanoparticles can be induced by the Al,O3 matrix. Moreover, it can be found
that the strain gradient existing in a Au/Ag nanoparticle is much larger than that in a Ag/Au nanoparticle, which could be
due to the larger Young’s modulus of Au than that of Ag. With the core size increasing, the strain gradient existing in the
Au/Ag nanoparticle becomes larger, while the strain gradient existing in the Ag/Au nanoparticle keeps constant. These
different strain distributions may have significant influences on the structures and morphologies of the Au/Ag and Ag/Au
nanoparticles, leading to the different physical properties for potential applications.
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1. Introduction

The strain phenomenon in nanoscale materials is con-
siderably different from those in their conventional bulk
counterparts. These “unusual” phenomena not only allow
these materials to possess excellent mechanical properties but
also enable them to tune their band structures and relevant
novel electronic, magnetic, optical, photonic, and catalytic
properties.!!'™* The core/shell nanoparticles have received
much attention because of their special and multiple properties
in physics and chemistry, and they have been used intensively
in many different fields of research and technology.!>%! Com-
pared with the corresponding monometallic particles, gold
(Au)/silver (Ag) and Ag/Au nanoparticles with a core/shell
structure have been used intensively in many different fields
of research and technology including catalysis, nanophoton-
ics, nanomedicine, and nonlinear devices because of their in-
teresting properties.’*] Many research efforts have been de-
voted to the preparation and investigation of Au/Ag and Ag/Au
core/shell nanoparticles due to their unique size-dependent

(8-101 For example,

physical, chemical, and optical properties.
the optical properties of these core/shell nanoparticles can be
tuned by changing the size of the core and the thickness of
the shell. It has been demonstrated that the peak resonance
of core/shell nanoparticles can be adjusted over a broad range
of the optical spectrum by varying the relative core size and
shell.[811] However, there have been too few studies on the
interplay between the core and shell layers, especially their
dynamical behavior and mechanical properties.

Moreover, the noble metal nanoparticles confined in a
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solid matrix have received much attention because of their spe-
cial and multiple properties in physics and chemistry.[!>-14]
However, it has been illustrated that substantial strain can be
induced for the nanoparticles confined in a host matrix.[!3-17]
The strain may be relaxed through the mismatched process
of nanoparticles and subsequently modify the interplay be-
tween the core and shell layers, which plays an important
role in determining the physical properties of the nanoparti-
cles. For the core/shell nanoparticles confined in the solid
matrix, the interface between the core and shell layer is par-
ticularly important because the substantial strain field can lead
to extra strain-relaxing defects at the heterostructure interface,
which can tune the optical properties of core/shell nanopar-
ticles significantly.!'3291 However, systematic study on the
strain distribution of the confined Au/Ag and Ag/Au nanopar-
ticles is lacking. Therefore, there is strong motivation to in-
vestigate the strain distributions of the confined Au/Ag and
Ag/Au nanoparticles for their better applications.

In this article, the strain distributions of core/shell
nanoparticles composed of Au and Ag with different core sizes
and confined in the Al,O3 matrix are investigated by the finite
element (FE) calculations. The simulation results clearly in-
dicate that the compressive strain exerted on the Au/Ag and
Ag/Au nanoparticles can be induced by the Al,O3 matrix.
The strain existing in the core is homogenous, in contrast,
the strain existing in the shell is inhomogeneous. With the
increase of the core size, the strain gradient existing in the
Au/Ag nanoparticle becomes larger, while the strain gradient
existing in the Ag/Au nanoparticle keeps constant. Moreover,

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11164008, 51461019, 51361013, 11174226, and 51371129).

Corresponding author. E-mail: clyuan @jxnu.edu.cn
© 2015 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

047803-1


http://dx.doi.org/10.1088/1674-1056/24/4/047803
mailto:clyuan@jxnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 24, No. 4 (2015) 047803

for the Au/Ag nanoparticles, the strain existing in the core is
smaller than that at the interface between core and shell, while
for the Ag/Au nanoparticles, the strain existing in the core is
larger than that at the interface between core and shell. These
different strain distributions of core and shell can lead to differ-
ent physical properties, which may have significant influences
on the technological potential applications of the Au/Ag and
Ag/Au nanoparticles, respectively.

2. Simulations

A significant strain can be introduced when the nanoma-
terials are confined in a matrix, which is most likely to ac-
count for the changes in the microstructure and morphology
of nonomaterial.’?!??! In order to investigate the interplays be-
tween the strain and the morphology of confined Au/Ag and
Ag/Au nanoparticles, an FE simulation is performed to sim-
ulate the dynamic strain distributions of confined Au/Ag and
Ag/Au core/shell nanoparticles with different core sizes. The
FE calculation is a versatile computer simulation technique
(231 which is per-
formed with a commercial software package ANSYS.!?42]

used for continuum modeling of deformation,

The simulations are taken to account for the physical proper-
ties of many materials, including elastic anisotropy, thermal
expansion, and three-dimensional object shape, etc. More-
over, general qualitative agreement between atomistic strain
calculations and continuum elastic models has been demon-

26271 Recently, using the FE calcu-

strated in nanomaterials.!
lation to simulate the strain distribution of nanoparticles has
been widely reported.?®>°! In our simulation, the FE model
for the strain calculations is based on the following assump-
tions: a spherical, linear-elastic Au/Ag and Ag/Au core/shell
nanoparticle is confined in the isotropic and the linear-elastic
matrix, repectively. The whole region of the model is divided
into a mesh of triangle-shaped elements. These triangles are
next to each other, where the adjacent elements share an edge.
Figures 1(a) and 1(b) show the cross-sectional views of the
core/shell structures of Au/Ag and Ag/Au nanoparticles em-
bedded in the Al,O3; matrix, respectively. The thickness val-
ues of the shells are both 2.5 nm and the core sizes are 2.5 nm,
5 nm, 7.5 nm, and 10 nm for each nanoparticle. The Au/Ag or
Ag/Au nanoparticle surface is welded to the matrix. Suppos-
ing that the nanoparticle that resides in the matrix cavity is too
small, this volumetric difference may be due to the fact that
matrix atoms are unable to move promptly enough to adapt to
the growing nanoparticle, which leads to compressive strain
on the nanoparticle. The strain distribution can be generated
by the thermal expansion mismatch by the confined Au/Ag or
Ag/Au nanoparticles in an Al;O3 matrix. The Young’s mod-
uli are taken to be 170 GPa, 76 GPa, and 360 GPa for Au,
Ag, and Al,O3, while the Poisson’s ratios are taken to be 0.42
,0.38, and 0.24 for Au, Ag, and Al,O3, respectively.
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Fig. 1. (color online) Cross-sectional views of core/shell structures of
Au/Ag (a) and Ag/Au (b) nanoparticle embedded in the Al,O3 matrix.

3. Results and discussion

Figures 2(a)-2(d) show the cross-sectional strain distribu-
tions for Au/Ag nanoparticles confined in Al,O3 thin film with
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Fig. 2. (color online) Cross-sectional strain distributions of confined
Au/Ag nanoparticles with the core sizes of 2.5 nm (a), 5 nm (b), 7.5 nm
(c), and 10 nm (d), and x—y plane strain profiles of Au/Ag nanoparticles
with the core sizes of 2.5 nm (e), 5 nm (f), 7.5 nm (g), and 10 nm (h).
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the core sizes of 2.5 nm, 5 nm, 7.5 nm, and 10 nm, respec-
tively. Correspondingly, figures 2(e)-2(h) show the x—y plane
strain profiles of confined Au/Ag nanoparticles with core sizes
of 2.5 nm, 5 nm, 7.5 nm, and 10 nm, respectively. Fig-
ures 2(a)-2(h) indicate that a compressive strain exerted on
the Au/Ag nanoparticle can be induced by the Al,O3 matrix.
The strain existing in the core is homogenous; in contrast,
the strain existing in the shell is inhomogeneous. Further, the
strain existing in the core is smaller than that at the interface
between core and shell. Obviously, all the strains of the Au/Ag
nanoparticles become larger with the increase of the core size.

0.067%
0.356%
0.640%
0.930%
1.220%
1.510%
1.797%

2.086%

I 2.374%
2.662%

2.4

=
=)

1.6

Strain/%

0.8

Strain/%

8 7%
Z/nm

2.4

1.6

Strain/%
Strain/%

o
o

16
l‘/nm 1‘/11111

Fig. 3. (color online) Cross-sectional strain distributions of confined
Ag/Au nanoparticles with the core sizes of 2.5 nm (a), 5 nm (b), 7.5 nm
(c), and 10 nm (d), and x—y plane strain profiles of Ag/Au nanoparticles
with the core sizes of 2.5 nm (e), 5 nm (f), 7.5 nm (g), and 10 nm (h).

Figures 3(a)-3(d) show the cross-sectional strain distri-
butions for Ag/Au nanoparticles confined in Al,O3 thin films

with the core sizes of 2.5 nm, 5 nm, 7.5 nm, and 10 nm, re-
spectively. Correspondingly, figures 3(e)-3(h) show the x—y

plane strain profiles of confined Ag/Au nanoparticles with the
core sizes of 2.5 nm, 5 nm, 7.5 nm, and 10 nm, respectively.
Figures 3(a)-3(h) indicate that a compressive strain exerted
on the Ag/Au nanoparticles can be also induced by the Al,O3
matrix. The strain existing in the core is homogenous; in con-
trast, the strain existing in the shell is inhomogeneous. How-
ever, the strain decreases monotonically from the core to the
shell, which is quite different from the strain distribution of
the Au/Ag nanoparticles. Obviously, the whole strain of the
Ag/Au nanoparticles also becomes larger with the increase of
the core size.
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Fig. 4. Strains in the core and at the interfaces of the Au/Ag and Ag/Au
nanoparticles with the core sizes of 2.5 nm, 5 nm, 7.5 nm, and 10 nm,
respectively.

Figure 4 shows the strain distributions in the core and at
the interface between Au/Ag and Ag/Au nanoparticles for the
same thermal expansion coefficient with the core sizes being
2.5 nm, 5 nm, 7.5 nm, and 10 nm, respectively. Obviously,
the strains in Au/Ag and Ag/Au nanoparticles become larger
with the increase of the core size. For the Au/Ag nanoparticle,
it can be found that the strain existing in the core is smaller
than that at the interface between the core and shell, and the
strain gradient increases with the increase of the Au core size.
However, for the Ag/Au nanoparticle, the strain existing in the
core is larger than that at the interface, and the strain gradient
keeps almost constant when the Ag core size increases. More-
over, it should also be noticed that the strain in the core of
the Au/Ag nanoparticle is smaller than the strains at the inter-
face and in the core of the Ag/Au nanoparticle. Meanwhile,
the strain at the interface of the Au/Ag nanoparticle is larger
than the strains at the interface and in the core of the Ag/Au
nanoparticle. This phenomenon can be attributed to the fact
that the Young modulus of Au is larger than that of Ag. The
strain distribution can be generated by the thermal expansion
mismatch of the confined Au/Ag or Ag/Au nanoparticles. The
strained state of the nanoparticle results from a gradual vol-
ume contraction. Because of the thermal expansion mismatch,
the Al,O3 matrix exerts a compressive strain on the Au/Ag
or Ag/Au nanoparticles. At the same time, the matrix is also
compressively strained in the radial direction surrounding the
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Au/Ag or Ag/Au nanoparticles because of the volume expan-
sion of the Au/Ag or Ag/Au nanoparticles. Since the Young
modulus of Au is larger than that of Ag, the strain gradient
existing in the Au/Ag nanoparticle is much larger than that in
the Ag/Au nanoparticle. The different strain distributions of
Au/Ag and Ag/Au nanoparticles confined in the matrix may
have significant influences on the structures and morpholo-
gies of Au/Ag and Ag/Au nanoparticles, and thus influence
the physical properties of Au/Ag and Ag/Au nanoparticles.

4. Conclusions

The strain distributions of Au/Ag and Ag/Au nanoparti-
cles confined in the Al O3 matrix with different core sizes and
the same shell thickness are systematically investigated by us-
ing the FE method, respectively. Since the Young modulus
of Au is larger than that of Ag, the strain gradient existing in
the Au/Ag nanoparticle is much larger than that in the Ag/Au
nanoparticle. With the increase of the core size, the strain gra-
dient existing in the Au/Ag nanoparticle becomes larger, while
the strain gradient existing in the Ag/Au nanoparticle keeps
constant. These different strain distributions may have sig-
nificant influences on the structures and morphologies of the
Au/Ag and Ag/Au nanoparticles, leading to the different phys-
ical properties for potential applications.

References

[1] Fujita T, Guan P, McKenna K, Lang X, Hirata A, Zhang L, Tokunaga
T, Arai S, Yamamoto Y, Tanaka N, Ishikawa Y, Asao N, Yamamoto Y,
Erlebacher J and Chen M. 2012 Nat. Mater. 11 775

[2] Zhu T and LiJ 2010 Prog. Mater. Sci. 55 710

[3] Wang L H, Liu P, Guan P F, Yang M J, Sun J L, Cheng Y Q, Hirata A,
Zhang Z, Ma E, Chen M W and Han X D 2013 Nat. Commun. 4 2413

[4] Wang L H, Zhang Z and Han X D 2013 NPG Asia Mater. 5 €40

[5]

[6]

[7]

[8]

[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
(23]
[24]
[25]
[26]
[27]
(28]

[29]

047803-4

Wang M, Tian Y, Zhang J M, Guo C F, Zhang X Z and Liu Q 2014
Chin. Phys. B 23 087803

Sanyal U, Davis D T and Jagirdar B R 2013 Dalton Trans. 42 7147
Toshima N and Yonezawa T 1998 New J. Chem. 22 1179

Pustovalov V K and Fritzsche W 2013 Plasmonics 8 983

Hubenthal F, Borg N and Triger F 2008 Appl. Phys. B 93 39
Pustovalov V K, Astafyeva L G and Fritzsche W 2012 Plasmonics 7
469

Samal A K, Polavarapu L and Rodal-Cedeira S 2013 Langmuir 29
15076

Luo X F, Yuan C L and Zhang Z R 2008 Thin Solid Films 516 7675
Yuan CL, Lee P S and Ye S L 2007 Europhys. Lett. 80 67003

Wang B B, Zhou J, Zhang H P and Chen J P 2014 Chin. Phys. B 23
087303

Wellner A, Paillard V, Bonafos C, Coffin H, Claverie A, Schmidt B and
Heinig K H 2003 J. Appl. Phys. 94 5639

Choi W K, Chew H G, Zheng F, Chim W K, Foo Y L and Fitzgerald E
A 2006 Appl. Phys. Lett. 89 113126

Chew H G, Zheng F, Choi W K, Chim W K, Foo Y L and Fitzgerald E
A 2007 Nanotechnology 18 065302

Creti A, Zavelani-Rossi M, Lanzani G, Anni M, Manna L and Lomas-
colo M 2006 Phys. Rev. B73 165410

Creti A, Anni M, Rossi M Z, Lanzani G, Leo G, Della Sala F, Manna
L and Lomascolo M 2005 Phys. Rev. B 72 125346

Klimov V I, McBranch D W, Leatherdale C A and Bawendi M G 1999
Phys. Rev. B 60 13740

Newton M C, Leake S J, Harder R and Robinson I K 2010 Nar. Mater.
9120

Gilbert B, Huang F, Zhang H, Waychunas G A and Banfield J F 2004
Science 305 651

Huebner K H, Dewhirst D L, Smith D E and Byrom T G 2001 The
Finite Element Method for Engineers (New York: John Wiley & Sons)
Benabbas T, Androussi Y and Lefebvre A 1999 J. Appl. Phys. 86 1945
Pei Q X, Liu C and Wang Y Y 2003 J. Appl. Phys. 93 1487

Groiigvist J, Sgndergaard N, Boxberg F, Guhr T, Aberg S and Xu H Q
2009 J. Appl. Phys. 106 053508

Barettin D, Madsen S, Lassen B and Willatzen M 2010 Superiattices
Microstruct. 47 134

Johnson C L, Snoeck E, Ezcurdia M, Rodriguez-Gonzélez B, Pastoriza-
Santos I, Liz-Marzan L M and Hytch M J 2008 Nat. Mater. 7 120
Shan Z W, Adesso G, Cabot A, Sherburne M P, Syed Asif S A, Warren
O L, Chrzan D C, Minor A M and Alivisatos A P 2008 Nat. Mater. 7
947


http://dx.doi.org/10.1038/nmat3391
http://dx.doi.org/10.1016/j.pmatsci.2010.04.001
http://dx.doi.org/10.1038/am.2012.70
http://dx.doi.org/10.1088/1674-1056/23/8/087803
http://dx.doi.org/10.1088/1674-1056/23/8/087803
http://dx.doi.org/10.1039/c3dt33086a
http://dx.doi.org/10.1039/a805753b
http://dx.doi.org/10.1007/s11468-013-9500-7
http://dx.doi.org/10.1007/s00340-008-3146-8
http://dx.doi.org/10.1007/s11468-012-9330-z
http://dx.doi.org/10.1007/s11468-012-9330-z
http://dx.doi.org/10.1021/la403707j
http://dx.doi.org/10.1021/la403707j
http://dx.doi.org/10.1016/j.tsf.2008.03.017
http://dx.doi.org/10.1209/0295-5075/80/67003
http://dx.doi.org/10.1088/1674-1056/23/8/087303
http://dx.doi.org/10.1088/1674-1056/23/8/087303
http://dx.doi.org/10.1063/1.1617361
http://dx.doi.org/10.1063/1.2354012
http://dx.doi.org/10.1088/0957-4484/18/6/065302
http://dx.doi.org/10.1103/PhysRevB.73.165410
http://dx.doi.org/10.1103/PhysRevB.72.125346
http://dx.doi.org/10.1103/PhysRevB.60.13740
http://dx.doi.org/10.1103/PhysRevB.60.13740
http://dx.doi.org/10.1038/nmat2607
http://dx.doi.org/10.1038/nmat2607
http://dx.doi.org/10.1126/science.1098454
http://dx.doi.org/10.1126/science.1098454
http://dx.doi.org/10.1063/1.370991
http://dx.doi.org/10.1063/1.1535730
http://dx.doi.org/10.1063/1.3207838
http://dx.doi.org/10.1016/j.spmi.2009.10.002
http://dx.doi.org/10.1016/j.spmi.2009.10.002
http://dx.doi.org/10.1038/nmat2083
http://dx.doi.org/10.1038/nmat2295
http://dx.doi.org/10.1038/nmat2295

	1. Introduction
	2. Simulations
	3. Results and discussion
	4. Conclusions
	References

