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Abstract. Nowadays, alloy nanoparticles (NPs) consisting of noble metals find much importance due to their enhanced
localized surface plasmon resonance (SPR) in the visible range. Besides the compositional changes, the SPR of alloy NPs
independently can be tailored by changing the shape and interparticle separation. Here, we report the effects of shape and
interaction parameters (b and K, respectively) on the plasmonic properties of Au–Cu alloy NPs considering Au concentrations in the range of 0.0–1.0 using a modified effective medium theory. There is always a single SPR for the alloys’
NPs. A large shift of this SPR peak from visible to infrared regions is seen with decrease or increase in the values of b or
K. A linear variation of peak shift with 1/b and an exponential decay variation of peak shift with 1/K are observed.
Although there is a small increase in the values of slopes (in the peak shift vs. 1/b curves) with increase in concentration of
Au in the Au–Cu alloys, there is almost no change in the fitting parameter, s of the exponential decay function (in the
curves for peak shift vs. 1/K) for different sizes of NPs and concentration of Au or Cu in the alloys. This establishes the
universal nature of the exponential decay behaviour. These observations are consistent with the data for elemental (Au and
Cu) NPs. The correlations between (i) shape parameter, b and the aspect ratio, AR and (ii) interaction parameter, K with
the interparticle separation, s are established as in case of elemental NPs. The study thus, verifies the model further and
establishes universality of the applicability of the model.
Keywords. Au–Cu alloy nanoparticles; localized surface plasmon resonance; spectral shift; anisotropy; interparticle
interaction.

1.

Introduction

Noble metal nanoparticles (NPs) exhibit various interesting
optical properties including plasmonic [1] which otherwise
not observed in bulk. Hence, much attention has been given
to the studies of the optical absorption (OA) properties of
noble metal NPs. Recently, we have studied, theoretically,
the OA properties, especially plasmonic properties of the
noble metal NPs [2]. Also, in another study, we have carried
out a systematic study of the OA properties of alloy metal
NPs considering bimetallic noble metals without considering the shape deformation and interaction between the
particles [3]. The non-interacting spherical alloy NPs consisting of noble metals exhibit localized surface plasmon
resonance (SPR) in the visible range. The localized surface
plasmon has the property of light trapping which leads to
various applications of the noble metal NPs [4]. Therefore,
noble metals nanostructures find considerable attention over
the broad spectral region. In plasmonics and optoelectronics
applications, these nanostructures play an important role to
increase the efficiency of energy conversion in thin film
solar cell [5–7] due to localized SPR mechanism. In the

noble metals, like Au, Ag, and Cu, the conduction electrons
start oscillation over the background of positive charge
when subjected to an external electric field. The background
of positive ion cores thus, provides the necessary restoring
force for this oscillation. When the frequency of oscillation
matches with the frequency of incident electric field, the
probability of the OA is maximum which is well known as
SPR. In nanoscale, this plasmon resonance localized and
hence, the name localized SPR which can be tuned by
changing different particle parameters e.g., size, shape as
well as dielectric function of the surrounding medium,
metal composition, interaction and the polarization direction, etc. [2,4,8–10].
Although, the studies of OA properties on elemental metal
NPs have been carried out by many researchers, but their
alloy [11] and core–shell [12] structures attracted a lot of
interest due to their enhanced OA with larger range of tunability compared to the individual metals. The alloy is such a
bimetallic structure, whose localized SPR wavelength does
not correspond to its components or constituents. But the
position of the localized SPR maxima of the alloys lies
between the localized SPR positions of their constituents
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[3,4]. Recently, we have studied the plasmon resonance
properties of spherical Au–Ag, Au–Cu and Cu–Ag alloy NPs
systems without considering the interparticle interaction
using simple model developed by Garcı́a et al [13]. All these
systems successfully form alloy structures [3]. Further, large
enhancements of the shift of plasmon resonance maxima in
all the cases have been observed. Recently, we have also
studied the OA properties of these three noble metals by
considering shape deformation or anisotropy and interparticle
interaction separately. In both the cases, we observed large
shift of the plasmon resonance peak position compared to the
spherical and non-interacting NPs [9,10]. In case of shape
deformed (elongated) or anisotropic NPs, Garcı́a et al [13]
have introduced a parameter, b, to represent the shape, while
for the study of interacting NPs, a parameter, K was introduced to account for the interaction between the NPs. In case
of shape deformation, the plasmon absorption maxima shows
linear variation with 1/b. Similar shifts with the aspect ratio
(AR) of the elongated particles have also been observed by
Eustis and El-Sayed [14]. This observation leads to correlate
them and finally, we have established a correlation between b
and AR [9]. Here, we would like to investigate whether the
same correlation holds for alloy NPs or not. The existence of
such correlation makes the applicability of the theory more
universal. On the other hand, in another study on OA properties of the interacting noble metal NPs, we have also seen
large enhancement of the shift of plasmon absorption peak
compared to the corresponding shift of non-interacting particles. Here, we have also observed that the shift of relative
plasmon peak position can be fitted to exponential type decay
function for all the sizes of the particles under consideration
[10]. This decay mechanism enables us to establish distancedependent plasmon ruler equations which show universal
scaling nature. Now, there remains to also verify whether the
similar ruler equation can be found for Au–Cu alloy NPs with
different radii or not. In this paper, we have calculated the OA
spectra of Au–Cu alloy NPs of radii of 10 and 20 nm with
three different molar ratios of Au:Cu with values 20:80, 50:50
and 80:20 using the model of Garcı́a et al [13]. In the calculation, we have first calculated the OA spectra of non-interacting (K = 0) particles considering only the variation of the
shape parameter (b) from 0.05 to 1/3. Then, we have calculated the OA spectra for interacting spherical particles by
varying the parameter K from 0 to 180 keeping b fixed to a
value of 1/3. A value 1/3 corresponds to the spherical shape of
NPs. In both the cases, large enhancement of the shift of
plasmon spectral peak position has been observed. Due to the
enhanced plasmonic properties and large tunable range of the
plasmon resonance peak, the Au–Cu alloy NPs find many
applications in different fields of science and technology.
Since the coupling or interaction can be varied by decreasing
the particle separation which is possible by increasing the
number of particles in the nanoclusters or making arrays or
assemblies [15]. Therefore, an increasing trend of current
research on the OA properties of interacting bimetallic noble
metal alloy NPs has been observed [4,11,16]. Moreover, the
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OA spectra in either of the two cases almost cover the visible
region to infrared region of the electromagnetic spectrum
which is very important and can play a major role to increase
the efficiency of plasmonics-based solar cells [5–8,17,18].
Further, the enhanced plasmonic properties of interacting
alloy NPs find applications in the study of surface-enhanced
Raman scattering (SERS), bio-sensing, bio-medicine, optoelectronic, photonics, etc. [1,2,19,20].

2.

Calculation method

Generally, the studies of the OA properties of metal NPs
are carried out by using Mie theory [21]. This theory gives
the scattering and absorption of light wave by small metal
particles in a very dilute medium. When the number of
particles in a small region is very large i.e., the medium is
denser, the optical absorption is calculated by using the
effective medium theory as developed by Maxwell–Garnett (MG) [22]. In effective medium theory, a heterogeneous matrix cluster system is replaced by homogeneous
one with an effective dielectric function. This system
gives same optical response as that of the inhomogeneous
system. To study the optical properties of such system,
Garcı́a et al [13] have modified the MG model further. In a
recent work, we have studied the OA properties of
bimetallic alloy NPs constituted from noble metals in a
pair using modified Garcı́a et al [13] model which is based
on the MG theory. The Garcı́a et al [13] model is suitable to study the OA properties of noble metals, but not
sufficient to account for the alloy NPs. Therefore, to
account the OA properties of the bimetallic alloy NPs, the
Garcı́a et al [13] model has been modified further through
modification of the dielectric function for alloy NPs [3].
We know that the dielectric function of metal is complex
hence, can be described as e ¼ e1 þ ie2 , where e1 and e2
are the real and imaginary parts, respectively, of e and
both (e1 and e2 ) are frequency-dependent. But in effective
medium theory, the dielectric function of the heterogeneous clusters consisting of metal NPs and embedding
medium is replaced by an effective dielectric function:
eef ðxÞ ¼ eef1 ðxÞ þ ieef2 ðxÞ, where eef1 ðxÞ is the real part
and eef2 ðxÞ is the imaginary part. The effective dielectric
function is given by [13]
Na

;
eef ðxÞ ¼ em þ
ð1Þ
K
1  Na 3e1m þ 4pe
m
where
a¼

4pR3
ðe  em Þ
3 ½em þ bðe  em Þ

is the average electronic polarizability, em the dielectric
constant of the embedding medium, b a parameter representing the particle shape, K a parameter takes care of
interaction and R the radius of the NPs. Details of the theory
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can be found in ref. [13]. Now, for alloy Au–Cu NPs the
metal dielectric function, e is modified through the formula
[3]:
eAuCu ¼ xeAu þ ð1  xÞeCu ;

ð2Þ

where eAu and eCu are, respectively, the frequency-dependent dielectric functions of Au and Cu and x is the molar
concentration of Au. The dielectric functions of Au and Cu
are simulated from the bulk values of the dielectric constant
given by Johnson and Christy [23] with necessary size
corrections using a phenomenological formula [2].
The corresponding optical absorption formula incorporating all these equations is given by [13]:

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1=2
rabs  hx eef1 þ e2ef1 þ e2ef2
:
ð3Þ
Using this formula, we have calculated the OA data for
different values of b (0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.125,
0.150, 0.175, 0.20, 0.225, 0.250, 0.275, 0.30 and 0.33) for
Au–Cu alloy NPs of radius of 10 nm taking K = 0 and then, for
different values of K (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
120, 140, 160 and 180) taking b = 1/3. For interacting NPs, we
have considered NPs of radii of 10 nm as well as 5 and 20 nm.
In each case, the embedding medium with dielectric constant
2.26 was kept the same. Further in the calculation, three
different values of molar ratios e.g., 20:80, 50:50 and 80:20
were considered for Au and Cu.

3.

Results and discussion

3.1 OA properties of noninteracting spherical Au–Cu
alloy NPs
Theoretically calculated OA spectra of spherical non-interacting Au–Cu alloy NPs of radius of 10 nm for three different

Figure 1. The OA spectra of non-interacting spherical Au–Cu
alloy NPs of radius of 10 nm with molar ratios 20:80, 50:50 and
80:20. For comparison, the OA spectra for elemental Au and Cu
NPs are also included.
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molar ratios in the wavelength range of 450–750 nm, are
shown in figure 1. For comparison, the OA spectra for elemental Au and Cu NPs are also included in the same figure.
The observation of OA peaks at *532 and *580 nm
corresponding to elemental Au and Cu NPs, respectively,
are due to the SPR when embedded in medium with
dielectric constant of 2.26 [2]. With changing the molar
concentration of either Au or Cu, there is a noticeable shift
of the SPR peak. The positions of the SPR peaks (kmax) are
observed at *576, *546 and *536 nm for Au–Cu NPs
with molar ratios of 20:80, 50:50 and 80:20, respectively.
Further, for a particular value of molar concentration, the
spectra always show a single SPR peak representing the
successful formation of alloy NPs [3]. These peaks show a
systematic redshift with increase in the value of concentration of Cu. The OA spectra corresponding to the anisotropic and interacting particles are shown and explained in
the subsequent sections.

3.2 OA properties of anisotropic noninteracting Au–Cu
alloy NPs
The OA spectra due to longitudinal plasmon resonance of
anisotropic Au–Cu alloy NPs of radius of 10 nm embedded in silica (em = 2.26) in the wavelength range of 400–
1200 nm for molar ratios of 20:80; 50:50 and 80:20 are
shown in figure 2a, b and c, respectively.
Each spectrum exhibits strong absorption band that
emerged due to longitudinal SPR of the conduction electron
oscillations with the incident electromagnetic field. For all
the three cases, the SPR bands thus appeared, show a systematic shift towards higher wavelength as the value of
parameter b decreases. Similar shift of the SPR band with
decrease in b value than 1/3 have also been observed
experimentally in case of prolate spheroid particles or
nanorods [14]. Therefore, one can assume that the lower
value of b than 1/3 can produce prolate spheroid or
nanorods. In our earlier work with anisotropic noble metal
NPs, we have observed similar OA spectra. The plasmonic
property of anisotropic particles depends on the AR of the
particles [9,24,25]. The longitudinal plasmon mode is sensitive to AR and hence, finds importance here. Therefore,
we have calculated only the longitudinal absorption spectra
of Au0.2–Cu0.8, Au0.5–Cu0.5 and Au0.8–Cu0.2 alloys’ NPs of
radius of 10 nm embedded in silica as depicted in figure 2a–
c. As in the spectra of elemental noble metal NPs, here also
the SPR peak intensity [9] increases initially and then saturates with decrease in the values of b. This type of saturation comes when all the electrons taking part in dipole
transition are reaching the maximum distance [9]. For all
the three-alloy NPs system, we have determined the
wavelength at which the absorption becomes maximum i.e.,
the position of SP resonance peak precisely. We have
plotted these peak positions with 1/b and is shown in
figure 3.
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Figure 3. Variations in the SPR peak positions of OA spectra
corresponding to non-interacting Au0.2–Cu0.8, Au0.5–Cu0.5 and
Au0.8–Cu0.2 alloy NPs of radius of 10 nm as a function of 1/b.
Solid lines are the linear fits to the theoretical data.

Figure 4. Variations in the slope as a function of Au molar
concentration. Data corresponding to 0 and 100 for Au concentrations are taken from ref. [9]. Solid line is the linear fit of the
theoretical data points.

Figure 2. OA spectra of Au–Cu alloy NPs of radius of 10
nm with molar ratios of (a) 20:80, (b) 50:50 and (c) 80:20 for
different values of b (0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.125,
0.150, 0.175, 0.20, 0.225, 0.250, 0.275, 0.30 and
1/3).

A linear variation is observed in all the cases. Linear fits
of these theoretical data points are given by the following
equations for molar ratios of 20:80, 50:50 and 80:20,
respectively, of Au–Cu alloy NPs:
1
kmax ¼ 27:6 þ 487;
b

ð4Þ

1
kmax ¼ 29:2 þ 471;
b

ð5Þ

1
kmax ¼ 30:7 þ 463:
b

ð6Þ

One can see that there is a systematic increase in the
values of slope with increase in Au molar concentration. It
is to mention that the slopes for elemental Au and Cu are
27.18 and 31.15, respectively, [9] which also show the trend
of similar variation in case of alloys. The variation of slope
as a function of Au molar concentration is shown in figure 4. The value of slope increases linearly with increase in
Au concentration.
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In case of elemental Au NPs, we have found a correlation
between b and AR as AR & 0.3/b [9]. Using the values of
slopes for different molar concentrations of Au or Cu, we
can also find out the correlation between b and AR for each
set of Au–Cu alloys’ NPs. Thus, we see that the model of
Garcı́a et al [13] can also take into account the OA properties of anisotropic alloy NPs and able to correlate the AR
of the anisotropic particles with the parameter accounted for
the shape of the particles in the model.

3.3 OA properties of interacting spherical Au–Cu alloy
NPs
OA spectra of interacting spherical (b = 1/3) Au–Cu alloy
NPs of radius of 10 nm embedded in silica as a function of
wavelength range from 400 to 1200 nm for three different
molar ratios (20:80, 50:50 and 80:20) are shown, respectively, in figure 5a–c.
OA spectra in all the cases show strong SPR band in
the visible range with progressively increasing intensity
and shift in the position of the absorption maxima
towards the higher wavelength region with increase in the
value of K. The spectra also show a saturation of the
absorption intensity after an appreciable value of the
interaction parameter K. Similar OA spectra has also been
observed for other sizes of the particles. This is due to
the fact that the increasing interaction means the corresponding decrease in the interparticle separation between
the alloy NPs i.e., interaction become very large when
separation is very small. After a sufficient value of
interaction, NPs become very close i.e., they almost touch
each other and hence, any further increase in interaction
cannot decrease the separation, thereby causing such
saturation [10]. The large redshift of the observed plasmon peak position can be explained with the help of
dipolar coupling model [10,15] according to which each
alloy NPs is considered as a dielectric dipole which
interact with each other. The increase in the values of K,
increases the interaction between the electric field of two
nearby particles. As a result, their plasmon oscillations
get coupled together and the frequency of the coupled
system is lowered than that of their individual oscillation
frequency and hence, the corresponding redshift results.
The position of the fractional plasmon absorption maxima
of all alloy NPs of three compositions is then plotted
with 1/K for radius of 10 nm as depicted in figure 6a–c.
The fractional shifts Dk
k0 of plasmon resonance peak
show an exponential decay type variation with 1/K, for
all three-alloy compositions under study. Here,
Dk ¼ k  k0 ; k0 being the absorption wavelength corresponding to non-interacting spherical particles. The theoretical data were fitted using an exponential decay
function. On exponential fitting of our theoretical data,
we have obtained an equation similar to that obtained in

Figure 5. OA spectra of spherical interacting (a) Au0.2–Cu0.8,
(b) Au0.5–Cu0.5 and (c) Au0.8–Cu0.2 alloy NPs of radius of 10 nm
embedded in silica for different values of K (0, 10, 20, 30, 40, 50,
60, 70, 80, 90, 100, 120, 140, 160 and 180).

our earlier work on interacting elemental noble metal NPs
[10]. In this case, we have the almost similar equation for
all Au–Cu composition given by
Dk
x
¼ aes ;
k0

ð7Þ
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Figure 6. Variation in the fractional plasmon peak shift corresponding to interacting spherical (a) Au0.2–Cu0.8, (b) Au0.5–Cu0.5
and (c) Au0.8–Cu0.2 alloy NPs as a function of 1/ K for the radius R = 10 nm. Solid lines are the exponential decay functions’ fits to
the theoretical data.

Figure 7. Variation in the fractional plasmon peak shift corresponding to interacting spherical (a) Au0.2–
Cu0.8 and (b) Au0.8–Cu0.2 alloy NPs as a function of 1/K for the radii, R = 5, 10 and 20 nm.

where a is the amplitude of the shift of plasmon absorption
peak, x = 1/K and s is the decay constant having the values
of about 0.0024, 0.0022 and 0.0024 for Au0.2Cu0.8,
Au0.5Cu0.5 and Au0.8Cu0.2 alloy NPs, respectively.
Thus, for three different alloy compositions, we have got
almost the same value of the decay constants indicating
thereby universality of the decay behaviour of the plasmon
peak shift with interaction for noble metals and their
bimetallic alloy NPs. Similar plasmon shift with interparticle distance have also been reported by Jain et al [15] for
lithographically fabricated spherical Au NPs experimentally
and Ag–Al alloy NPs theoretically [26]. They found an
equation governing fractional plasmon peak shift with
interparticle distance (s) scaled by diameter (D) of the
particles as
s=D
Dk
¼ a0 e s0 ;
k0

ð8Þ

where a0 is the amplitude of decay and s0 is the corresponding decay constant whose value is 0.21 for Au NPs.
Gunnarsson et al [27] have also found similar result
experimentally and gave a value of the decay constant as

0.22 for Ag nanodisc pairs. These observations lead us to
deduce a correlation between the interparticle distance s
with K for Au–Cu alloy NPs as
s
A
¼ ;
ð9Þ
D K
where A is a constant whose value is almost same for all the
three compositions. Thus, a similar correlation has also
been established for alloy NPs. To see the universality and
size independence of the decay behaviour, we have also
plotted the fractional plasmon peak shift with 1/K for three
different radii of the particles simultaneously for two molar
ratios viz. 20:80 and 80:20, respectively, as shown in
figure 7a and b.
A similar trend has also been seen in the decay behaviour
of all these alloy NPs of different radii and molar ratios.
Again, fitting the theoretical data (not shown), we get the
same value of the decay constant and hence, the same
correlation between the interparticle separation with interaction parameter K and thus, show a universal scaling
behaviour. This correlation is very much useful to physically realize the parameter representing the interaction
mentioned in the model. This result further established the
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universality of the applicability of the model we are using.
The universal scaling nature helps to design a plasmon ruler
equation [15] which can be used to measure the nanoscale
separation in biological systems by measuring the amount
of plasmon peak shift due to coupling effect.

4.

Conclusions

The plasmonic properties of elongated and interacting
bimetallic Au–Cu alloy NPs of different radii and molar
concentrations have been studied using a modified effective
medium theory. The OA spectra show a strong absorption
band sensitive to shape and interaction corresponding to
SPR in the visible region. The SPR peak is found to shift
from visible to infrared regions due to change in anisotropy
and interaction. The variations in the SPR peak of Au–Cu
alloy NPs with interaction and shape also show similar
behaviour as that of elemental noble metal NPs. A similar
correlation between the shape parameter and aspect ratio as
well as interaction parameter and interparticle separation
have also been seen in the study and thus, verified the model
further and established its universality. In practical application point of view, the shape deformed interacting Au–Cu
alloy NPs are very important in the study of plasmonics,
non-linear optics, optoelectronics and design, and enhancement of the efficiency of plasmonic-based solar cell,
chemistry, surface-enhanced Raman scattering and others.
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