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The vibrational density of states (VDOS) of metal nanoparticles can be a fingerprint of their geometrical 

structure and determine their low-temperature thermal properties. Theoretical and experimental methods 

are available nowadays to calculate and measure it over a size range of 1 – 4 nm. In this work, we 

present theoretical results on the VDOS of Ag-Au icosahedral nanoparticles with core-shell structure in 

that size range (147-923 atoms). Results are obtained by changing the size and type of atoms in the core-

shell structure. For all sizes investigated, it is obtained a smooth and monotonic variation of the Ag to the 

Au VDOS by increasing the number of core Au atoms and vice versa. Nevertheless, the Ag561Au362 

nanoparticle, with Ag core, shows an anomalous enhancement at low frequencies. An analysis of the 

calculated VDOSs indicates that as a general trend the low-frequency region is mainly due to the shell 

contribution, whereas at high frequencies the core effect would be dominant.  A linear variation with size 

is obtained for the period of the quasi-breathing mode (QBM), in agreement with the behaviour obtained 

for pure Ag and Au nanoparticles. A non-monotonic variation is obtained for the QBM frequency as a 

function of the Ag concentration for all nanoparticles investigated. The calculated specific heat at low 

temperatures of the Ag-Au nanoparticles is smaller (larger) than the corresponding one for the pure Au 

(Ag) nanoparticles of the same size. Nevertheless, the VDOS enhancement at low frequencies of the 

Ag561Au362 nanoparticle with Ag core, induced larger values of the specific heat with respect to that one 

of the pure Au923 nanoparticle in the temperature range of 5-15 K. 
 

 

 
Introduction 

Nanoalloys are an interesting phase of matter at 

the nanoscale not only due to their finite size 

and peculiar morphologies, but also because 

they have composition-dependent 

physicochemical properties, with potential 

applications in several areas of 

Nanotechnology.1,2 Structural, electronic, optical, 

thermal (melting), and catalytical properties 

have been widely investigated both 

theoretically2,3 and experimentally.2,4 On the 

other hand, vibrational properties studies on 

nanoalloys are scarce, although some 

experimental5-8 and theoretical7-9 studies on 

specific bimetallic nanoparticles have been 

reported. For example, the influence of size, 

composition, and chemical order on the 

vibrational properties of gold-silver nanolloys 

was theoretically investigated using an atomistic 

description based on a many-body potential to 

model the metal atom interactions.9 As a general 

conclusion, it was found that the vibrational 

properties of these bimetallic nanoparticles 

depend on size, composition, and chemical 

ordering in nontrivial ways.9 

 

In this work, we theoretically investigate how 

would change the vibrational properties of a 

metal nanoparticle when a second metal is 

incorporated into the structure of the first one. 

Our study will focus on the calculation of the 

nanoalloy vibrational density of states (VDOS). 

This quantity, providing information on the 

whole vibrational frequency spectrum, is 

considered a fingerprint of the nanoparticle 

structure since it allows its structural 

determination, after a comparison with 

experimental measurements of it.10 In fact, in a 

recent study performed by us,10 it was proposed 

the structural determination of Ag and Au 

nanoparticles from the comparison of the 
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calculated VDOS with those measured using 

plasmon resonance Raman scattering.11,12 In this 

case, the results indicated that most of the Ag 

and Au nanoparticles, with average size ~ 5 nm, 

in the experimental samples should have 

icosahedral structures.10 In other investigations, 

we have studied the size and shape dependence, 

as well as the evolution towards bulk behaviour 

of the VDOS of  pure metal nanoparticles.13,14 

These studies showed the importance of the 

VDOS as a useful quantity to describe the 

vibrational behaviour of metal nanoparticles, 

motivating the extension of such calculations to 

bimetallic nanoparticles. 

 

One of the vibrational modes of a special 

interest is the quasi-breathing one (QBM) since 

it can be correlated with a nanoparticle radial 

volume change. Moreover, the QBM period has 

been measured through the relative optical 

transmission change using pump-probe 

spectroscopy.15 A linear variation with size was 

obtained, both theoretically and experimentally, 

for the QBM period of pure Pt and Au 

nanoparticles.13,15  A similar behaviour was 

obtained from the calculation of the QBM period 

for (Ag0.5-Au0.5)n, n=147-3871, with core-shell 

and alloy structures, whereas a nonlinear 

variation of the QBM frequency was calculated 

by changing the relative composition of the 

bimetallic nanoparticle.9 In order to gain 

additional insights into the size and composition 

dependence of the QBM frequency, in this work, 

we also perform a systematic study of this 

quantity for icosahedral core-shell Ag-Au 

nanoparticles. 

 

The calculation of thermal properties at low 

temperatures, like the specific heat, is another 

advantage of the availability of the nanoparticle 

VDOS.14,16 These studies have shown that there 

is a small variation with size and shape for the 

specific heat of  pure Au nanoparticles in the size 

range of 0.5 – 4 nm. An interesting question 

would be to investigate the dependence of the 

specific heat with size and composition of 

bimetallic nanoparticles. In this work, we also 

address this issue. 

  

To make a systematic study of the vibrational 

and thermal properties of bimetallic 

nanoparticles, we fix the material, structure, and 

type of segregation by considering Ag-Au core-

shell icosahedral nanoparticles. For these 

bimetallic nanoparticles, it is calculated the 

VDOS for four different sizes with a total 

number of atoms: 147, 309, 561, and 923. In 

each case, the core size is changed from 13 up to 

561 considering either Ag or Au atoms.  This 

theoretical study would be relevant since it has 

been already reported the synthesis by chemical 

or electrochemical deposition of Agcore-Aushell 

and Agshell-Aucore nanoparticles.17-20. In fact, it is 

expected that the present theoretical study 

would motivate the extension of experimental 

optical17,20,21 measurements to vibrational ones.  

   

 

Theoretical background 

To model the metallic bonding in the nanoalloys 

we consider the many-body Gupta potential, 

which is based on the second-moment 

approximation to a tight binding theory.22-24 The 

parameters of the Gupta potential used here are 

shown in the Supporting Information (SI) 

section.  Their values are similar to those 

obtained by fitting to experimental properties of 

bulk metals and alloys.25,26 This semiempirical 

potential has been  extensively utilized to study 

structural, dynamical, and thermal (melting) 

properties of Ag-Au nanoalloys.25-30  As a matter 

of fact, the reliability of this semiempirical 

approach to model the atomic interaction in Ag-

Au bimetallic nanoparticles has been shown 

after the agreement obtained with the 

geometries of clusters larger than 24 atoms 

calculated with density functional theory.30 

 

The vibrational frequencies of the nanoalloys 

were calculated within the harmonic 

approximation by a diagonalization of the 

Hessian matrix.10,13,14,16 The second derivatives 

of the Gupta potential were evaluated at the 
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equilibrium atomic positions, which were 

calculated by doing simulated quenching 

through constant-energy molecular dynamics 

and conjugate gradient relaxations on the 

potential energy surface.31-33 Core-shell Mackay 

icosahedral geometries were used for the local 

structural relaxations. The VDOS was 

constructed using a Gaussian broadening (with a 

width of 1.9 cm-1) of the 3N-6 vibrational 

frequencies. To locate the frequency of the QBM, 

a method described in Ref. 13 for pure 

nanoparticles was implemented in the present 

case. Once the vibrational frequencies were 

available, the specific heat was calculated from 

the quantum mechanical expression for a set of 

3N-6 independent harmonic oscillators.14,16  

 

 

Results and discussion 

Figure 1 displays the VDOS for the 923-atom 

bimetallic icosahedral Ag-Au nanoparticles with 

different core-shell compositions. In the left 

panels (from top to bottom), it can be seen a 

smooth and monotonic variation of the VDOS 

going from the pure Au923 nanoparticle to the 

Ag923 one, by decreasing the size of the Au core. 

A similar variation is shown in the right panels 

for the opposite case where the Ag core 

decreases in size. A more careful analysis of the 

VDOSs displayed in Fig. 1 indicates that as a 

general trend the low-frequency region is 

mainly due to the shell contribution, whereas at 

high frequencies the core effect would be 

dominant. Interestingly, this behaviour has been 

also found for pure metal FCC and icosahedral 

nanoparticles.34 In fact, for the Aucore-Agshell 

nanoparticles, the low-frequency region of their 

VDOS (see left panels of Fig. 1) looks very 

similar to the Ag923 VDOS one, as the size of the 

Ag shell increases. On the other hand, the high 

frequency region only shows a small and 

continuous blue shift, and the absence of the 

high frequency tail even for the case of the 

smaller Au core in the Au13Ag910 nanoparticle.  

Instead, this high frequency tail, with modes 

around 250 cm-1, is present in all Agcore-Aushell 

nanoalloys (see right panels of Fig. 1) 

resembling the case of the Ag923 pure 

nanoparticle. At this point, it is useful to recall 

that the high frequency modes in the 

icosahedral Ag923 nanoparticle correspond to 

vibrations of the inner Ag13 core.10,13,14 The 

dominant behaviour of the shell contribution 

from the Au atoms to the low-frequency region 

of the VDOS can also be observed in the right 

panels of Fig. 1 as the size of shell grows in the 

Agcore-Aushell nanoalloys. 

 

A special nanoalloy, showing an anomalous 

behaviour at low frequencies is the Ag561Au362 

nanoparticle with Ag core. Its VDOS (see the 

second right panel in Fig. 1) displays an 

enhancement (peak) at low frequencies that is 

not present in the other core-shell nanoparticles. 

This behaviour might be related with the 

distinct contractions of the radial distances of 

the Au atoms that break the icosahedral 

symmetry of the Au shell. 

 

In the SI section (Figs. S1-S3) it is shown the 

corresponding VDOSs for the 561-, 309-, and 

147-atom bimetallic nanoparticles. For these 

smaller nanoalloys a smooth and monotonic 

variation is also obtained going from the VDOS 

of the pure Au nanoparticle to the Ag one and 

vice versa. Nevertheless, since the number of 

atoms is smaller, the VDOSs display a more 

discrete peak structure. Interestingly, Figs. S1-

S3 also show the anomalous enhancement at 

low frequencies for the Ag309Au252, Ag147Au162, 

and Ag55Au92 bimetallic nanoparticles with Ag 

core, in analogy with the Ag561Au362 

nanoparticle mentioned above.  

 

A further analysis of the calculated VDOSs can 

be performed by looking at the behaviour of 

three specific vibrational modes: the acoustic 

gap (lowest frequency), the cut-off (highest 

frequency), and the QBM. Figure 2 displays the 

dependence of the acoustic gap and cut-off 

frequencies with the composition percentage of 

the Ag atoms in the bimetallic nanoparticles 

with 923 atoms. Figure 2(a) indicates a very 

small variation of the cut-off frequency when the 
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Ag/Au (green/red lines) shell grows, confirming 

that at high frequencies the core contribution is 

dominant. On the other hand, Figure 2(b) 

indicates an increasing variation of the acoustic 

gap when the number of Ag atoms grows either 

in the core or in the shell of the corresponding 

nanoparticle. The anomalous behaviour of the 

Ag561Au362 nanoparticle with Ag core is also 

displayed in Fig. 2(b) (green line), indicating 

that for this nanoparticle the acoustic gap has its 

minimum value, with respect to those obtained 

for other compositions. 

 

Figure 3 displays the variation of the QBM as a 

function of the composition percentage of Ag 

atoms for the 923-, 561-, 309, and 147-atom 

Agcore-Aushell and Aucore-Agshell nanoparticles. All 

sizes show a non-linear variation as a function of 

the Ag composition. These results are in overall 

agreement with those reported in Ref. 9. 

Nevertheless, differences in the numerical 

values of the QBM frequencies exist, that are due 

to the distinct methodology used to locate and 

calculate the frequency of this specific 

vibrational mode. A comparison with the 

present results indicates that the approximate 

method used in Ref. 9 overestimates the QBM 

frequencies by ~ 6 cm-1 for the 923- and 561-

atom nanoalloys. Other difference between the 

present calculations and those reported in Ref. 9 

is related with the shell structure, which in the 

present case corresponds to a closed one based 

on the Mackay icosahedra magic numbers, 

instead of using 10% variations in the Ag 

composition. A linear variation of the QBM 

period as a function of size is displayed in Fig. 4 

for Agcore-Aushell and Aucore-Agshell nanoparticles, 

where only 1 and 2 closed Mackay icosahedral 

shells are considered. As a reference, it is also 

shown the results obtained for pure Ag and Au 

nanoparticles.13 This linear dependence is in 

agreement with that one obtained in Ref. 9, and 

with the results calculated and measured for 

pure metal nanoparticles.13 Nevertheless, it 

should be noticed that the Agcore-Aushell 

nanoparticles with Ag core and a single Au shell 

do not follow a clear linear dependence, 

although the QBM period increases 

monotonically with size. In particular, much 

smaller values of the QBM periods are obtained 

for the Ag147Au162 and Ag309Au252 nanoparticles 

with Ag core and one-atom width Au shell. Again, 

this anomalous behaviour might be due to the 

distinct radial contractions of the Au atoms 

forming the external shell.  

 

One advantage of the availability of the VDOS is 

that a calculation of low-temperature thermal 

properties like the specific heat is 

straightforward.14,16 Here, we will focus on the 

results for the 923-atom nanoalloys. Figure S4 in 

the SI section shows that the specific heat as a 

function of temperature of the Agcore-Aushell and 

Agshell-Aucore nanoalloys lies between the values 

of the pure Au923 and Ag923 nanoparticles. The 

higher values of the specific heat for the pure Au 

nanoparticle are explained by the larger 

enhancement of its VDOS at low frequencies, 

with respect to that one of pure Ag one, as can 

be seen in Fig. 1. The smooth and monotonic 

variation of the nanoalloys VDOSs displayed in 

Fig. 1 reflects in the specific heat results shown 

in Fig. S4. Nevertheless, the already mentioned 

anomalous enhancement at low frequencies 

displayed by the Ag561Au362 nanoparticle with 

Ag core, is the cause of a distinct variation of its 

specific heat. In fact, Fig. 5 indicates that this 

nanoalloy shows larger values than the pure Au 

nanoparticle along a temperature range 

between 5 and 15 K. In contrast, the Au561Ag362 

nanoparticle with Au core does not show larger 

values than those of the Au nanoparticle, 

confirming the distinct effect of the Au shell at 

low frequencies and temperatures. 

 
Conclusions 

 

The vibrational properties of Agcore-Aushell and 

Aucore-Agshell icosahedral nanoparticles with 

core-shell structure in the size range of 147-923 

atoms were studied using the semiempirical 

many-body Gupta potential. Results for the 

VDOS and characteristic vibrational modes 

(acoustic gap, QBM, and cut-off frequencies) 

Page 4 of 9Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name . ,  2012, 00 ,  1-3 | 5 

were obtained by changing the size and type of 

atoms in the core-shell structure. The main 

trend emerging from these calculations 

indicates that the low-frequency region of the 

VDOS is mainly due to the shell contribution, 

whereas at high frequencies the core effect 

would be dominant. This trend is in agreement 

with that obtained for pure metal 

nanoparticles.34  

 

Our results also show that, in general, the 

change in the vibrational and low-temperature 

thermal properties (specific heat) of a metal 

nanoparticle when a second metal is 

incorporated into the structure of the first one is 

smooth and monotonic. Nevertheless, the 

present calculations were able to find a special 

nanoalloy, the Ag561Au362 nanoparticle with Ag 

core, that shows an anomalous enhancement in 

its VDOS at low frequencies. This enhancement 

is the cause of a higher value of its specific heat 

as compared with the pure Au923 icosahedral 

nanoparticles, in the range of 5-15 K.  

 

It is expected that the present study not only 

motivate further theoretical studies for other 

types and compositions of nanoalloys, but also 

the performance of experimental measurements 

of their vibrational and low-temperature 

thermal properties.  
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Figure 1. Vibrational density of states (VDOS) for the 923-atom bimetallic icosahedral Aucore-Agshell 

(left panels) and Agcore-Aushell  (right panels) nanoparticles with different core-shell compositions. 

The VDOS for the pure Au923 and Ag923 icosahedral nanoparticles are also displayed for comparison. 
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Figure 2. Cut-off  (a) and acoustic gap (b) 

frequencies as a function of the percentage of Ag 

atomic composition for the 923-atom bimetallic 

icosahedral Aucore-Agshell (red points) and Agcore-

Aushell  (green points) nanoparticles with 

different core-shell compositions. Red (green) 

data points correspond to the compositions 

shown in the left (right) panels of Fig. 1. 

 

 

 

 
Figure 3. Quasi-breathing mode frequencies as a 

function of the percentage of Ag atomic 

composition for the 923-, 561-, 309-, and 147-

atom bimetallic icosahedral Aucore-Agshell (red 

points) and Agcore-Aushell  (green points) 

nanoparticles with different core-shell 

compositions. Red (green) data points 

correspond to the compositions shown in the 

left (right) panels of Fig. 1 (923), Fig. S1 (561), 

Fig. S2 (309), and Fig. S3 (147). Blue (black) dots 

correspond to the Au (Ag) pure nanoparticles. 
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Figure 4. Quasi-breathing mode period as a 

function of size for bimetallic icosahedral Aucore-

Agshell (red data) and Agcore-Aushell  (green data) 

nanoparticles with one (squares) and two 

(triangles) shells. The nanoparticle 

compositions for growing sizes are : Red 

squares (Au55Ag92, Au147Ag162, Au309Ag252, 

Au561Ag362); red triangles (Au13Ag134, Au55Ag254, 

Au147Ag414, Au309Ag614); green squares (Ag55Au92, 

Ag147Au162, Ag309Au252, Ag561Au362); green 

triangles (Ag13Au134, Ag55Au254, Ag147Au414, 

Ag309Au614). The sizes for pure nanoparticles 

(blue and black points) correspond to 147-, 309-, 

561-, 923-atoms.  

 

 

 

 
Figure 5. Low-temperature dependence of the 

specific heat of core-shell bimetallic icosahedral 

nanoparticles. Top panel: Pure Au923 (dotted 

line), Au561
coreAg362

shell (red line), pure Ag923 

(dashed line) and Ag561
coreAu362

shell (blue line). 

Bottom panel: Comparison of the specific heat 

between pure and bimetallic nanoparticles. 

Dotted lines correspond to the difference 

between Au923 and the two bimetallic 

nanoparticles. Dashed lines display the 

difference with respect to the Ag923 nanoparticle.  

It can be noticed the larger values of the 

Ag561
coreAu362

shell specific heat with respect to 

that one of Au923 in the temperature range 5-15 

K.  
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